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Abstract 
The overall aim of this PhD project is to advance the science and technology of 
multifunctional structural composite battery (MSCB) by performing an in-depth investigation 
into their mechanical and electrical properties, with a particular focus on the effect of 
mechanical deformation on the electric performances of rechargeable batteries. A 
comprehensive and critical review of the published scientific literature into multifunctional 
structural composite battery reveals that major gaps exist in the characterisation of structural 
composite batteries, despite recent improvements in electrical performance of lithium ion 
batteries.  
This research focuses on two different MSCBs, embedded battery composites (EBC) and 
laminated composite batteries (LCB). The EBCs are fabricated by integrating thin liquid- and 
solid-electrolyte polymer batteries with a carbon fibre reinforced polymeric composite 
structure (CFRP). Extensive experiments are carried out to evaluate the electrical behaviour 
of the EBCs under various mechanical loadings that include bending, tension, and 
compression. Tests are conducted on EBCs specimens by applying an increment 20 % of the 
strength of reference composite structure (without batteries). The electrical energy storage 
capacity of the batteries is recorded before and after the application of mechanical 
deformation. The results show that the three modes of mechanical loading cause degradations 
to the energy capacity performance and increases in the electrical resistance of the energy 
cells. As measured by the percentage of applied load to strength, flexural deformation 
induces the most reduction in the electrical performance, followed by tension and 
compression. The reductions in the performance of the energy storage capacity of the 
embedded liquid electrolyte battery composite are 12 %, 8 %, and 1.5 % for bending, tension, 
and compression when the applied load reaches 80 % of the respective strengths. Similarly, 
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the reductions in the electrical performance of the embedded solid electrolyte battery 
composite are 24 %, 13 %, and 10 % for bending, tension, and compression respectively. 
These new findings reveal that the mechanical strain relates strongly to the reduction in the 
storage energy capacity of the energy cells. A correlating relationship has been proposed to 
link the reduction in the electric performances to the applied mechanical deformation. 
Scanning electron microscope images of deformed separator show that mechanical 
deformation causes (i) the pores which are responsible for ion transportation in the battery to 
close up and (ii) the formation of cracks in the electrolyte region of the embedded solid 
electrolyte battery. These changes lead to an increase in the internal resistance of the energy 
cells and reduction in the energy storage capacity.  
The second aim of this research is to investigate the possibility of utilizing the carbon fibre 
fabric as cathode and anode in the LCBs to store electrical energy and carry mechanical 
loads. Three types of LCBs, which are liquid, gel, and solid electrolyte batteries are 
manufactured and their electrical performances are tested through cycles of charging and 
discharging to characterise their electrical behaviour and the ability to store electrical energy. 
Investigations are also performed to improve the electrical conductivity performance of the 
cathode structure by incorporating carbon nano fibres in LCBs. Moreover, an investigation on 
the effect of mechanical loading on the electrical conductivity performance of its components 
is also conducted. 
The results show that adding 10 % of carbon nano fibre to the cathode structure improves its 
electrical conductivity performance by a factor of two over what can be accomplished by 
carbon black. The results also reveal that only a liquid electrolyte laminated composite 
battery could provide a reasonable voltage of 2 volts with charging storage capacity of 
28mAh while the two other types produce very low voltages. Inspections of the electrical 
properties of the LCB components show that the low electrical conductivity of the cathode 
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structure and possibly short circuiting between the cathode and anode are the main reasons 
for its low electrical performance. Recommendations of future research directions into the 
multifunctional structural composite battery (MSCB) are also briefly discussed. 
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1  CHAPTER 1 INTRODUCTION 
1.1 Multifunctional structural composite battery (MSCB) 
Multifunctional structural materials have the capability to perform single or multiple 
functions sequentially or simultaneously in time [1, 2]. The main objective of implementing 
multifunctional structures is to improve the system’s performance by integrating different 
advantageous properties of the subsystem constituents [3, 4]. Hybrid composites can be made 
by embedding thin film energy cells [5], piezoelectric [6], photovoltaic [7], and 
thermoelectric [8] devices into composite laminates having multifunctional capabilities, 
thereby saving weight and volume. The multifunctional structural composite battery are 
considered as a new generation of advanced material [9]. Besides having the conventional 
role of bearing loads such as moments, forces stresses, deformation and or a combination 
thereof, these composites have another unique function that is storing (and delivering) 
electrical energy. However, there are many difficulties faced in the development of these 
multifunctional composites such as; selections and optimizations of the interfacial bonding 
between the substrates and epoxy polymer; the effects of the different mechanical loadings on 
the structural components; analysis of micro stresses transfer between substrates to the 
polymer matrix to the carbon fibre and vice-versa. The resulting structure should perform 
within the designed allowable elastic zone without affecting the targeted performances of its 
components [9]. The main objective of developing multifunctional structural battery 
composites is to carry mechanical loads and store electrical energy with less weight and 
volume, Figure 1 shows some of the applications of multifunctional structural composite 
battery.  
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Figure 1: Applications of multifunctional structural composite batteries [10] 
 
1.2 Classification of multifunctional structural composite battery  
 
In this research, the multifunctional structural composite batteries will be classified into the 
embedded battery composites compromising (liquid and solid electrolyte battery), and 
laminated composite batteries as shown in Figure 2. They will be designed, manufactured, 
and their mechanical and electrical performance will be investigated. 
 
Figure 2: Classification of multifunctional structural composite battery. 
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1.2.1 Embedded battery composites 
In the case of energy storage systems, traditional electrochemical batteries are heavy, bulky 
and concentrated (in terms of the spatial location for vehicles), These factors have adverse 
effects on the driving range, storage space and dynamic handling of vehicles. In contrast, thin 
lithium polymer battery cells can be embedded into light-weight Fibre-Reinforced Plastics 
(FRP) composites to carry mechanical loads and store electrical energy. This combination 
can achieve significant weight reduction at the system level, with less redundancy and 
improved system-level performance [11, 12]. The composite structures with batteries are 
designed to carry mechanical loads and store electrical energy [13-15]. Presently, these types 
of structures are being investigated in some electrically-powered applications such as 
unmanned air vehicles (UAVs) [16], unmanned underwater vehicles (UUVs) [17], and 
electric cars. Embedded battery composites are manufactured by embedding thin film energy 
cells into a composite structure or bonding the energy cells on the face sheet surface of the 
composite structure as shown in Figure 3. 
 
 
Figure 3: Applications of embedded battery composites [10] 
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1.2.2 Laminated composite batteries 
 
For some energy storage systems, energy cells comprise a significant fraction in the overall 
system weight and volume. Examples include small battery powered unmanned aerial 
vehicles, and automobiles with hybrid battery-combustion powerplants [18]. Existing studies 
on the embedded battery composites have mainly focused on creating structural packaging. 
However, laminated composite batteries are comprised of the fundamental battery 
components, such as electrodes, electrolyte and separators that are the primary load-bearing 
components. The new system designs have the potential for higher multifunctional 
performance than batteries that rely mainly on structural packaging [19, 20]. 
 The laminated composite batteries can be used to replace conventional structural components 
such as vehicle frame elements or a UAV wing structure, with power-generating components 
as shown in Figure 4. 
 
 
 
Figure 4: Application of the laminated composite battery  
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1.3 Aim of the research 
 
The aim of this research is to investigate the effects of mechanical deformation on 
rechargeable battery embedded in a composite structure, and investigate the new laminated 
composite battery that carry mechanical loads and store electrical energy. 
 
1.4 Research questions  
 
1. What are the effects of mechanical deformation on rechargeable battery embedded in 
a composite structure? 
2. What are the advantages of liquid and solid electrolytes in rechargeable batteries for 
structural applications? 
3. What is the effect of carbon nanofiber on the electrical performance of the cathode 
and solid electrolyte? 
4. Are carbon fiber composites suitable as cathode and anode for carrying mechanical 
load and storing lithium ions? 
 
1.5 Research outcomes 
 
The expected outcomes of this research were as following: 
1. A functional structure with the capability to store and release electrical energy on 
demand. 
2. An optimal manufacturing technique based on cost-performance considerations. 
3. A repository of contending material types and morphologies for a functional structural 
battery.  
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1.6 Research scope  
 
1. Structural integration of polymer rechargeable batteries with composites will be 
focused in the investigation. The embedded batteries composites will be subjected to various 
mechanical loads (bending, tension, compression) to quantify the structural and electric 
performance of the embedded batteries composites.  
2. Develop laminate composite batteries that use carbon fibres as load-carrying 
electrodes and polymer electrolyte as a structural matrix. The electrical and mechanical 
properties of the laminate composite batteries will be investigated by subjecting them to 
combined mechanical loads and electric charging/discharging.  
 
1.7 Significant of the research: 
 
1. This research project will provide a significant advancement in developing and 
demonstrating a new type of multifunctional structural composite batteries. This novel 
development will enable designers and manufacturers of electric cars, unmanned air vehicles 
(UAVs) and unmanned underwater vehicles (UUVs) to utilise the multifunctional structural 
composite batteries as structural frames to reduce weight as compared to conventional 
batteries. The weight reduction will improve the mission accomplishment by increasing the 
mission endurance time and payload.  
2. Provide new knowledge of optimisation in designing and manufacturing 
multifunctional structural composite batteries when subjected to different mechanical loads. 
3. This research will deliver new knowledge on the mechanical-electrical performance 
of multifunctional structural composite batteries and new concepts to composite batteries. 
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1.8 Research method 
1.8.1 Embedded battery composites 
1. Investigate the effect of mechanical deformation on the electrical performance of 
batteries contain solid/ liquid electrolyte.                                         
2. Develop correlating parameters to characterise battery performance at different 
loading conditions. 
3. Quantify multi-functionality of embedded battery in composite structure. 
 
1.8.2 Laminated composite batteries 
1. Determine the mechanical and the electrical performances of all the constituents of a 
composite laminate battery (composite fabric current collectors, anode, cathode and 
solid electrolyte). 
2.  Investigate the electrical performance of the battery under the effect of adding carbon 
nanofiber to the positive electrode materials. 
3. Investigate the effect of mechanical deformation on the electrical performance of the 
laminated composite battery. 
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1.9 Structure of PhD thesis 
 
Following this chapter, the PhD thesis is structured into chapters which each deal with 
Separate aspects of multifunctional structural composite battery. 
Chapter 2 presents a comprehensive literature review on multifunctional structural 
composite battery. The literature review summarizes the behavioural findings of rechargeable 
lithium polymer battery embedded in composite structure under mechanical loadings, and 
accessed the feasibility of using the carbon fibre fabrics for carrying mechanical loads and 
storing lithium ions. Extensive reviews were carried out on the materials used, manufacturing 
and testing processes as well as the experimental results described in the literature. 
Chapter 3 describes the experimental method used to study the embedded battery composites 
which comprised liquid and solid electrolyte batteries. Detailed information with explanation 
is presented on tested materials, fabrication process, and specimens’ dimensions for flexural, 
tensile, compressive tests. Mechanical and electrical testings were performed to evaluate the 
performance of embedded battery composite under different mechanical loadings.  
Chapter 4 presents the experimental procedures and results of the electrical performance of 
embedded battery composite under applied flexural, tensile, and compressive deformations. 
The significant relationships between the mechanical and the electrical performances of 
embedded battery composite were illustrated. The relationship includes the battery’s 
discharging current and voltage with mechanical strains, the correlation between the 
discharging capacity with mechanical strains, battery’ s discharging capacity with degree of 
specimen’s failure load and the internal resistance with the strains. In addition, the strain 
based failure criterion for the embedded battery composite is presented in this chapter. 
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Chapter 5 analyses the multi-functionality index of the embedded battery composite.  The 
correlation between the composite mechanical strength and the energy cell’s storage capacity 
of the embedded battery composite were plotted for flexural, tensile and compressive tests. 
An investigation for solid/liquid electrolyte embedded battery composite’s cathodes, anodes, 
and separators were conducted by scan electron microscopic to determine the cause for the 
degradation of the battery’s storage energy capacity under mechanical deformation. 
Chapter 6 describes the materials and experimental method which is used to fabricate the 
laminated composite battery that utilizes a carbon fibre fabric layers as cathode and anode,   
and fibre glass layer as separator. Basic electrical testing for the current collectors and 
positive/negative electrode materials were conducted before and after applying the 
mechanical loadings. The obtained data are clearly illustrated and explained.  Furthermore, 
the electrical effect of adding carbon nano fibre on the electrical performance of the positive 
electrode materials is examined in this chapter.  
 
Chapter 7 presents the electrical conductivity measurements and mechanical performance 
data of the utilized current collectors, positive and negative electrode materials, cathodes, and 
anodes of the laminated composite battery. The results for the electrical performance and 
measurements of the constructed laminated composite battery are demonstrated. Furthermore, 
the evaluation of the effect of tensile loading on the electrical performance of the laminated 
composite battery’s components is reported. Furthermore, this chapter Analyses and 
discusses the mechanical and the electrical conductivity measurements of the cathodes, 
anodes, and the constructed laminated composite battery.  
Finally, the conclusions of the current study are presented in Chapter 8, with several 
recommendations for future work
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2  CHAPTER 2   LITERATURE REVIEW 
2.1 Introduction 
The chapter presents a critical review of the published scientific literature on the 
multifunctional structural composite batteries. The primary objective of this chapter is to 
identify the existing research progress towards the experimental characterisation of materials 
of the multifunctional structural composite batteries. The secondary objective is to identify 
gaps in the current body of knowledge pertaining to multifunctional structural composite 
batteries, which then guides this PhD research. The literature reviews examine the materials, 
manufacturing processes and the effects of mechanical deformation on the electrical 
performance of embedded batteries composite structures and laminated battery composites.  
2.2 The effect of mechanical deformation on the electrical performance of 
multifunctional structural composite batteries 
2.2.1 The effect of mechanical deformation on the embedded battery composite (EBC) 
Pereira et al. [21]  fabricated battery composites by embedding very thin all-solid-state 
lithium-ion energy cells (0.1 mm thick) into a carbon fibre reinforced plastic (CFRP). Their 
aim was to investigate the effect of tensile loading on the electrical performance of the 
embedded energy cell. Their results indicated that the performance of the solid-state thin-film 
lithium energy cells remained unchanged when subjected to tensile loads as high as 50% of 
the tensile strength of the carbon fibre composites. Their work has demonstrated the viability 
of creating multifunctional structures using composite structures with lithium ion batteries. 
Figure 5 shows the tensile test specimen for thin film solid state electrolyte embedded 
composite battery. 
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Figure 5: Tensile test specimen for the embedded solid state electrolyte composite battery [21]. 
Pereira et al. [22] conducted another experimental investigation to examine the energy 
storage performance of the energy cells when subjected to uniaxial pressure. The results 
showed that the electrical performance of the energy cells started to degrade after uniaxial 
pressure of 2.0 MPa. Figure 6 shows compression test set up for thin film solid-state 
electrolyte battery. 
 
Figure 6: Compression test set up for thin film solid state electrolyte battery [22].  
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Pereira et al. [23] characterised and evaluated the electrical performance of isolated thin film 
solid state energy cells under increased incremental flexural loading from 1.3 % to a 
maximum of 8 % flexure ratio (the ratio of flexure deflection to span). The results 
demonstrated that there was no change in the electrical performance of the battery with 
flexure up to 2 % bending ratio. Figure 7 presents the Flexural test set up for thin film solid-
state electrolyte battery. 
 
 
 
Figure 7: Flexural test set up for the thin film solid state electrolyte battery [23]. 
Pereira et al.[24] conducted a dynamic fatigue test on coupons fabricated from solid-state 
electrolyte energy cells embedded in CFRP. The composite structure was made of four layers 
carbon fibre plies. The energy cells’ nominal voltage is 3.6 Vdc; lifetime of 1000 
charge/discharge cycles up to 100 % depth of discharge; the specific energy is 200 Wh/kg 
without considering the packaging mass,  the charging capacity is 2 mAh/g and the energy 
density of about 7.2 Wh/kg when the packaging mass is included .Tests on the coupons were 
carried out in three steps as following. 
1. Tests were done on the CFRPs coupons only to set baselines data.  
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2. Tests were performed on the energy cells embedded in CFRPs structures to get 
fatigue data due to embedding only.  
3. Fatigue tests were conducted to characterise the mechanical and electrical 
performance of the entire structure. Fatigue tests were carried out by applying uniaxial tensile 
sinusoidal harmonic loading of 150 MPa with a ratio (R=0.1) and one single cycle followed 
by charge/discharge cycles for the energy cell, then the fatigue cycles increase to 10-100-
1000-10,000-100,000 cycles at 150 MPa followed by electrical charging/discharging cycles 
for the embedded battery composite. The results showed that specimens of the embedded 
battery composite at 1, 10,100 cycles under 150 MPa can charge/discharge properly. 
However, the batteries at cycles of 1000-10,000-100,000 failed to charge and discharge as 
was in baseline results.  
 
Gasco et al.[25] embedded thin film solid-state electrolyte lithium battery in composite 
laminates and identified the limits of the embedding process. Their results show that it is 
possible to cure the energy cell inside the laminate up to 150°C and temperature higher than 
this value will lead to degradation. It was observed that the degradation in the electrical 
performance of the battery could be caused either by the sealant failure or by 
physicochemical degradation of the Lithium anode or the electrolyte. 
Recent research has led to an improved understanding of the integration effect on both the 
structural and electrical functions of embedded battery composites. Thomas et al. [1, 26-30] 
fabricated sandwich composite laminates embedded with thin liquid electrolyte polymer 
battery cells. They examined their flexural response and Ragone curves (the relation between 
energy density and power density or the relationship between specific energy and specific 
power). Their work has demonstrated the feasibility of integrating lithium-ion cells into 
structural composites  to provide energy storage capability (50 Wh/L) without degrading its 
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structural performance. Figure 8 shows flexural test specimen for embedded liquid electrolyte 
battery composite. 
 
 
Figure 8: Flexural test specimen for embedded liquid electrolyte battery composite [1]. 
Thomas et al. [4, 31-34] analysed and evaluated the improvement on the flight endurance 
time for unmanned air vehicle (UAVs) which made of embedded liquid electrolyte battery 
composite. The outcomes showed that the endurance time can be increased either by 
increasing the energy storage capacity or by decreasing the UAV weight. They concluded 
that reducing weight of the UAV was 1.5 times more effective than increasing the energy 
storage capacity. 
Thomas et al. [33] investigated the effect of applying hydrostatic pressure on the liquid 
electrolyte battery, the energy storage capacity showed a decrease in capacity of 6-8% with 
pressure up to 2 MPa.  
In addition to the aforementioned work, Thomas et al. [29] evaluated a multifunctional 
structure with liquid electrolyte battery based wing skin for the wasp UAV. Their evaluation 
has shown that their concept is capable to provide an extra 26% increment in flight endurance 
time as compared to the same UAV using the standard unifunctional battery. 
2.2.2 The effect of mechanical deformation on the laminated composite battery (LBC) 
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 Liu et al. [35] developed a laminated lithium-ion polymer based composite battery with 
improved structural properties. This was done by adding carbon nano fibre to the 
positive/negative electrode materials to create the electrode layers. They used glass-fibre 
reinforced (poly vinylidene fluoride) PVDF as the separator, and increased the molecular 
weight of the PVDF binder in the cathode, anode, and separator layers. Furthermore, they 
changed the electrolyte of organic liquid with electrolyte with solid state polymer. The 
cathode materials (LiCoO and PVDF) with molecular weight of 534,000 were used as a 
polymer matrix. The final composition of the cathode layer was 1.5 % carbon nano fibre, 
51.5 % PVDF,  2 % carbon black and 35 % LiCoO. In three–point bending tests, their 
modified battery exhibited a young modulus of 3.1 GPa and demonstrated a large reduction 
in hysteresis during cyclic stress-strain loading over 40 % strain range. As for the electrical 
performance wise, their batteries showed a gravimetric energy storage capacity of 35 Wh/Kg. 
The design of the laminated composite battery made from solid stated electrolyte polymer is 
shown in Figure 9. 
 
 
Figure 9: Laminated composite battery made from solid stated electrolyte polymer [35]. 
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Snyder et al. [36] analysed and collected multifunctional material properties data (e.g., 
capacitance, electrochemical capacity, mechanical stiffness and strength) for different carbon 
fibres, carbon fabrics, papers for potential use in laminated composite battery systems. Their 
results demonstrate that PAN-based carbon fibres have better electrochemical and mechanical 
properties than pitch-based fibres. However, the pitch –based fibres may be more suitable in 
good thermal conduction applications. 
 Snyder et al. [37, 38] developed solid electrolytes which consisted of monomer mixtures  
with components selected for combined ion transport and structural performance 
(compression). The properties of the monomers can be adjusted to balance multifunctional 
performance of the energy cell. 
Snyder et al. [19, 20] evaluated the electrical performance of the cathode and anode 
separately prior to constructing and characterising the laminated composite battery. These 
tests which were made on coin cell specimens (versus lithium metal foil), exhibited that the 
electrodes have good electrical performance. The capacity of the nonwoven carbon fibre 
fabric electrode is 120 mAh/g whereas the capacity of LiFePO electrode is 100 mAh/g. 
Snyder et al. [19] investigated the mechanical and electrical performance of the first 
developed laminated  composite battery which was fabricated using metal mesh cathode 
coated with positive electrode materials, nonwoven carbon fibre fabric anode, the separator 
was fibre glass, and structural solid polymer electrolyte binding the components of the battery 
as shown in Figure 10. The battery was constructed using vacuum assisted resin transfer 
moulding (VARTM). Basic three points bending method was carried out to characterise the 
basic mechanical properties of the laminated composite battery. Electrochemical cycles of 
charging and discharging were performed to characterise the electrical performance of the 
battery. The results revealed that the stiffness of the battery was 48 GPa and electrical testing 
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data demonstrated that the battery has the basic electrochemical charging and discharging 
characterisation. 
 
 
Figure 10: Laminated composite battery made from stainless steel cathode substrate [19].  
Ding et al. [39] characterized and synthesised two electrospun-fibre battery separators from 
PMMA + P (VdF-HFP) and P (VdF-HFP) and compared their ionic and mechanical 
performance in the cell. The results showed that by adding the PMMA to the (VdF-HFP), the 
electrolyte uptake was enhanced, lowered electrolyte leakage, improved the ionic 
conductivity, and increased the tensile stiffness, strength, and strain to failure. 
Hossain et al.[40] developed and evaluated the carbon-carbon (C-C) anodes manufactured 
from disordered carbon fibre which will be utilised in laminated composite lithium ion  cells. 
The C-C anode showed a better mechanical and electrical performance than typical carbon 
anodes that consisted of high percentage of carbon black in polymer matrix. The mechanical 
properties were 45-50 MPa for flexural and compressive strengths and the tensile strength 
was 155-159 MPa .The C-C anodes presented beneficial features to lithium-ion batteries 
including, charging/discharging and over-charging/over-discharging conditions, high 
reversible storage capacity, good cycles and longer shelf life.  
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Wong et al. [41] characterised the electrical properties for two types of anode fabrics to be 
used in laminated composite lithium ion cell. They were non-woven carbon and plain woven 
carbon fabrics as anodes, while the cathode was aluminium mesh coated with  . The 
separator was glass fibre fabric, and the electrolyte was a polymer of vinyl ester. The basic 
electrical measurements of the batteries showed that the electrical resistance of the battery 
with woven fabric anode was 4.5 ohms and the non-woven anode was 8.4 ohms. 
Ekstedt et al. [42] created carbon fibre–reinforced lithium-ion prototypes with electrolyte 
composed of solid or gel polymer as shown in Figure 11. The anode was made from carbon 
fibre weaved with copper foil as a current collector, the cathode made of LiFePO coated on 
aluminium fibre weave and the separator was made from glass fibre weave. Based on their 
theoretical calculations and measurements of the battery voltage, the specific energy density 
and the stiffness were predicted to be 268Wh/kg and 35GPa respectively.  
 
 
Figure 11: Laminated composite battery prototype made from carbon fibre weave with copper foil as 
a current collector [42]. 
 
Shirshova  et al. [43] investigated the mechanical and electrical performance of three types of 
laminated structural super capacitors that fabricated as following; The cathode and anode 
made from pan-based carbon fibre woven impregnated with positive and negative electrode 
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materials, the separator layer was made from fibre glass weave and gel polymer electrolyte 
contains poly (ethylene glycol) diglycidyl ether. In this investigation, three different salts 
used in the gel polymer electrolyte which are		LiPF,	LiClO, and TBAPF. With these salts 
three different types of laminated super capacitors were fabricated. The electrical 
performance of the super capacitors was examined using impedance spectroscopy, cyclic 
voltammetry and cycles of charging and discharging and the mechanical evaluation was 
performed using four point bending. Their results revealed that laminated super capacitors 
containing TBAPF salt showed better charging/discharging capability and lower leakage 
value. While laminated super capacitors contains	LiPF exhibited poorest charge/discharge 
performance with smallest value of specific capacitance. Mechanical performance results 
showed no change in the mechanical performance of the laminated super capacitors contained 
the gel polymer electrolyte compared to the reference laminated super capacitors that do not 
contain the electrolyte. 
Peabody et al. [44] investigated the effect of the mechanical stress on the electric 
performance of lithium ion pouch cell. The battery was loaded under static compressive stress 
from 1-30 MPa for 3 h and the outcomes showed that the mechanical mechanism can play an 
important role of battery aging behaviour. The results showed that the viscoelastic creep of 
porous separators in lithium energy cells reduces ion transport via pore closure, leading to 
increased internal resistance and dramatic capacity fade. In addition, it was also observed that 
even applying small external stresses as low as 1 MPa can have a measurable effect on the 
capacity of the lithium ion battery cell. 
Jacques et al [45]. Studied the effect of mechanical loading on the electrochemical capacity 
of T800 and IMS65 fibre electrodes; the electrochemical capacity was measured prior, during 
and after tensile loading of carbon fibre tow. They found that the applied strain did not affect 
the specific capacities of carbon fibres. Axial swelling and shrinkage was also measured in 
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the previous test for IMS65 fibre, swelling and shrinkage of about 0.3 % in the axial direction 
of the fibre were noted. 
In another work Jacques et al [46, 47]. Investigated the effect of electrical and discharging 
(lithiation and delithiation of the carbon fibre) on the mechanical performance of T800 and 
IMS 65 carbon fibres used as electrodes in composite battery. Tensile loading applied on the 
carbon fibres specimens after 1, 10,100 and 1000 charging cycles. The results showed that 
tensile stiffness was unaffected by both lithium ion intercalation and electrochemical cycling. 
The fibre ultimate tensile strength was reduced by about 20 % at the first lithiation but was 
partly recovered during delithiation. 
 
2.3 Electrochemical energy storage 
Battery cells use chemical reactions to convert chemical energy to electrical energy. The 
oxidation and the reduction are the basic processes that occur within the energy cell. One 
electron is given up by the oxidizing sides in the reaction of the oxidation and the reduction 
side accepts the free electron. 
The simple description of a battery is an electrochemical cell in which the cathode and the 
anode submerged in a common electrolyte. The electrolyte must be ionically conductive, 
electrically insulative and chemically stable. Both of the cathode and anode are separated by 
a porous separator that permitting ions to pass but is electrically insulating. A primary cell is 
the one that has non-reversible process, and this is the case of non-rechargeable or disposal 
batteries. A secondary battery is the one that has a reversible chemical reaction and can be 
recharged for many times [48]. Figure 12 shows the electrochemical cell. 
Oxidation: at the anode 
M          			M!+e" 
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Reduction: at the cathode 
R+e"              R"           
The entire reaction can be shown as follows: 
M + R               $! + &"    
 
 
 
 
 
 
 
 
 
 
Figure 12: Electrochemical cell [48] 
 
2.4 A Brief History of Lithium-ion Technology: 
Lithium based energy cells were first developed in the 1970's using lithium metal as the 
anode [49]. Lithium metal material is an attractive anode material because it is the most 
electropositive and lightweight metal in the periodic table, thus allowing the development of 
high energy density primary energy cells. As primary lithium batteries became common, 
many researchers were studying new cathode materials, later identified as intercalation 
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components, which allowed for the development of rechargeable lithium energy cell systems. 
In 1972, Exxon Company began developing rechargeable lithium batteries using TiS 
cathodes [50, 51]. Safety issues of lithium metal rechargeable batteries eventually led to 
developing the lithium-ion rocking chair battery in the late 1980's and early 1990's. The 
concept of the rocking chair battery involved replacing the lithium metal anode with a second 
intercalation component. The term “rocking chair" was used to describe the way in which 
ions of the lithium `rock' back and forth between the two insertion electrodes during 
electrochemical cycling. By removing the metallic lithium from the battery cell, the dendrite 
problem was solved making the rocking chair battery inherently safer than the lithium metal 
batteries. In 1991, Sony Corporation Company commercialized the LiCoO/C lithium-ion cell 
which is still the most commonly used lithium-ion chemistry today for portable electronic 
devices. However other chemistries, most notably $(), *$(+) and ), are 
becoming more prevalent [52, 53]. 
2.5 Lithium –ion battery 
The lithium energy cells technology is the most promising candidate for a load carrying 
battery. The high energy density (~400	/ℎ/) and specific energy (~150	/ℎ/45) of 
commercial products make them attractive for volume and/or weight sensitive applications. 
Single lithium –ion battery has a typical working voltage in the range between 2.5 V - 4.2 V . 
This voltage is approximately three times that of a NiCd or NiMH cell. The lithium energy 
cells have a low self-discharging rate (2-8 % per month), long service life (over 1000 cycles) 
and abroad range of working temperature (discharge at -40 oC to 65 °C, charge at -20 oC to 
60 °C). A disadvantage of lithium energy cells is that they can degrade when discharged 
below 2 V and may vent when overcharged [54]. 
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2.5.1 The reaction in Lithium –ion battery: 
The reaction in the lithium ion battery is demonstrated below, where  MO stands for a metal-
oxide. 
Anode reaction: 
LiMO ⇔	Li7"8	MO+	xLi!+	xe" 
Cathode reaction: 
C+	xLi!+	xe"   ⇔     Li8C 
 
Figure 13: Process of charging and discharging lithium ion batteries [54]. 
Total reaction: 
LiMO + + ⇔ Li8C+Li7"8	MO 
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During the charging process, the lithium ions moves from the positive electrode to the 
negative electrode; each carbon atom accepts one electron. During the discharging process, 
the lithium ions will move back into the oxide with resulting current that will be used to 
perform work [54]. Figure 13 presents the process of charging and discharging lithium ion 
batteries. 
2.6 A Review of Lithium-ion Battery Materials:- 
Since the early 1990's, the lithium-ion battery cell market has been dominated by the 
+)/C chemistry [55]. The requirement for an electrode material is to have an open 
structure capable of accepting and releasing lithium ions. Moreover, the electrode materials 
should react with lithium in a reversible manner in which lithium intercalation does not 
change or affect the host structure. 
Many applications for lithium energy cells demand high power and energy densities which 
are achievable with electrodes that are capable of fast intercalation and deintercalation 
processes. In order to achieve large energy and power densities, electrode materials should 
have optimal electric and ionic conductivities. Electric conductivity is fastest in metallic 
materials and so the ideal electrodes would be metal compounds. Otherwise, conductive 
additives materials are necessary which decrease the energy density of the electrode. Ionic 
conductivity can be optimized by using a highly porous electrode material. From the safety 
viewpoint, it is necessary to use electrode materials that are stable under both overcharge and 
over-discharge conditions. It is also desirable to use electrode materials that are low cost and 
environmentally benign [49, 56]. 
The current collectors are used to ensure that the current from the external circuit is 
distributed within the electrodes material. The cathode current collector is aluminium foil, 
and the anode current collector is copper foil due to the fact that aluminium is resistant to 
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corrosion at potentials above 4.0 V versus lithium, while the copper is resistant to corrosion 
at potentials close to 0 V versus. lithium [57].  
2.6.1 Positive electrode Materials 
2.6.1.1  Lithium cobalt oxide (:;<=>?) 
Lithium cobalt oxide was the first commercialized lithium rocking chair battery cathode 
because it was easy to synthesize and exhibits good electrochemical performance. 
Furthermore, +) exhibits a capacity of 155 mAh/g and high voltage of 3.9 V with a 
reasonably flat discharge curve. +) is typically cycled between 3.0 and 4.2 V which 
corresponds to a removal of about half of the lithium. One of the main advantages of the 
cobalt oxide cathode structure, as compared with the earlier sulphide cathodes is that Li+ ion 
mobility is much higher during delithiation process [58].  
2.6.1.2 Lithium iron phosphate (:;@AB>C) 
Lithium iron phosphate has been considered recently as a promising cathode material for high 
power applications such as electric vehicles[59]. )  is a highly desirable cathode 
material because of the low cost. Furthermore, it is very environmentally benign and can be 
easily synthesized through sol gel methods or high temperature reactions[60]. Lithium iron 
phosphate has a capacity of 170 mAh /g, which is higher than	+). The working voltage 
of ) is 3.5 V [60, 61]. The main drawback to )  is its low electronic 
conductivity that limits the rate electrical performance of the material. However, it has been 
shown that the electrical conductivity can be dramatically improved by adding a carbon 
coating while ) exhibits very little capacity fade, even when cycled a few hundred 
times. Mechanical degradation of the cathode still occurs due to intercalation induced strains 
[62].  
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2.6.2 Negative electrode Materials 
In lithium-ion energy cells systems, the metallic lithium is the most desirable anode material. 
However, the inherent safety problem posed by metallic lithium is dendritic growth, leading 
to internal short circuit which limits its widespread applicability. As previously mentioned, 
the rocking-chair energy cell was developed as an alternative to lithium metal systems. A 
number of anode materials have been suggested including tin, titanium and silicon. However, 
the overwhelming majority of commercial energy cells on the market today have carbon-
based insertion components as anodes [63].   
2.6.2.1 Graphite  
Carbon-based compounds exist as the only commercial anode material because they meet 
most of the chemical selection characterisations in addition to being available in large 
quantities at low cost. Carbon is available in a variety of forms, many of which have been 
used as anode materials for lithium-ion batteries. These carbon-based anode materials include 
both synthetic and natural graphite, petroleum coke, mesocarbons, carbon fibres and 
nanotubes [64]. Most commercial energy cells have disordered graphite anodes because of its 
relatively high specific capacity and low discharge profile. The graphite structure consists of 
hexagonal graphene sheets that are held together in an ABAB stacking order by van der 
Waals forces [55]. Lithium diffusion process in the planes between the graphene sheets is 
occurring very fast while lithium is not able to diffuse through the graphene sheets. The 
specific capacity for graphite is 372 mAh/g [55]. 
 
2.6.3  Separators 
The purpose of the separator is to serve as a physical barrier between the cathode and the 
anode, preventing short circuits while still permitting rapid ion transport between the 
electrodes. 
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The most critical parameters for a lithium-ion battery separator are its thickness, porosity and 
pore size [57]. Most lithium-ion energy cells separators have thicknesses <25	Dm. Thinner 
separators are desired because they take up less space within the cell, leaving more space for 
electro active materials which result in higher energy capacities and offer lower resistant.  
However, thinner separators are less mechanically robust and thus more susceptible to 
pinhole formation [57, 65]. Most energy cell separators are between 15 and 25	Dm thick [65]. 
The pore size is very critical because the pores must allow transport of ions between the 
cathode and anode, but also be small enough to prevent the penetration of lithium dendritic. 
For this reason, most separators have submicron pore sizes between 0.03 µm and 0.5	Dm. To 
facilitate the ion transport, most separator films have a porosity of 30-50 % of the separator 
structure. However, even with such high porosities percentage in the separator, the presence 
of the separator has been seen to increase the electrolyte resistivity by a factor of six [57, 65, 
66]. 
Most lithium-ion batteries currently available today use some forms of polyolefin micro 
porous film separators. Polyethylene (PE) and Polypropylene (PP) separators offer an 
excellent combination of mechanical properties and chemical stability that is necessary for 
lithium-ion systems at a reasonable cost. At present time, polyolefin separators are the 
industry standard in commercial lithium ion batteries. However, other separator materials are 
still being explored for lithium-ion batteries such as nonwoven mats and ceramic enhanced 
composite separators [67]. 
2.6.4 Electrolytes 
The energy output of the energy cell is determined by the electrode materials used. However, 
the power output is typically determined by the electrolyte due to the electrolyte controls the 
mass flow within the energy cells. Hence, the rate at which ions can diffuse from one 
electrode to the other is dependent on the properties of the electrolyte. For this reason, there is 
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not a single energy cell electrolyte that is suitable for all applications, rather the electrolyte is 
specifically chosen for a particular energy cell application. At present, there are three main 
categories of lithium ion electrolytes: (1) organic liquids electrolytes, (2) polymer electrolytes 
and (3) ionic liquids electrolytes. As the first two types of electrolytes are the most widely 
used in present commercial lithium-ion energy cells [63], the following review will focus on 
the literature relating to organic liquid and polymer electrolytes only. 
2.6.4.1 Organic Liquid Electrolytes 
 The earliest lithium-ion electrolytes were organic liquids. Organic liquid electrolytes consist 
of lithium salts dissolved in non-aqueous solvents [68]. Most liquid electrolytes employ 
ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), dimethyl 
carbonate (DMC), ethyl methyl carbonate (EMC), or a mixture of one or more of the 
previously carbonates [68]. The primary disadvantage of the carbonate solvents is that they 
are highly flammable which makes them a significant safety hazard, especially at high 
temperatures which may result from an internal short circuit in the battery. Many types of 
lithium salts can be dissolved in organic carbonate and used in the energy cells, such as, 
Lithium hexafluorophosphate (), Lithium tetrafluoroborate (E), lithium perchlorate 
(LiClO) and lithium hexafluoroarsenate (FG). Lithium hexauorophosphate (LiPF is the 
only lithium salt that has succeeded in the commercial applications [58, 68].  It has a 
relatively high conductivity of 10.7 mS/cm in EC/DMC. However, the disadvantage of  
is sensitive to ambient moisture, high temperatures and solvents, which can make it difficult 
to produce in the high purity form as it is essential for energy cell applications [58]. The 
highest ion conductivity observed for the liquid electrolytes is  10"	S/cm [38, 69]. 
2.6.4.2  Polymer Electrolytes  
Polymer electrolytes are solid solutions of alkali metal salts in polymeric materials. They can 
be categorised in two groups: (1) gel polymer electrolytes (GPEs), and (2) solid polymer 
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electrolytes (SPEs). Gel electrolytes are made from mixing or dissolving salt and solvent with 
high molecular weight polymer [54], then formed into films to be used in between the 
electrodes. Typically, LiPF is used as salt of the polymer of PVDF-HFP and the solvent is 
carbonate. The main advantage of the (GPEs) is that the liquid phase contained within the gel 
phase has lower risk of leakage.  
Solid polymer electrolytes (SPEs) consist of ether based polymers such as polyethylene oxide 
(PEO) or polypropylene oxide (PPO) containing dissolved lithium salts [70, 71]. There has 
been much interest to (SPEs) because of their potential to eliminate the need for a separator, 
lack of flammable organic solvents and flexible manufacturing process. The most common     
SPEs electrolyte type used is LiPON which is an amorphous glass[72], Lithium phosphorus 
oxynitride (LiPON) demonstrated a very low electronic conductivity, a relatively high ionic 
conductivity at room temperature, no phase change in wide temperature range and a large 
stability electrochemical window voltage vs. Li metal at room temperature. These features 
make LiPON thin film especially valuable for its use as a lithium electrolyte in the all-solid-
state rechargeable battery cells[73]. Bates et al.[73] has successfully fabricated LiPON films 
and applied these films as a solid lithium electrolyte. Additionally, it can also be used as a 
stable protective solid electrolyte interphase film and an over layer for all-solid-state 
rechargeable lithium energy cells. LiPON is stable in contact with metallic lithium at 
potentials from 0 to 5.5V and has acceptable conductance in the thin film form. Responding 
to the need for thin-film energy cells that can tolerate heating to 250°C. Batteries with LiPON 
electrolyte have a long cycle life and shelf life[74], and have Li+ ion conductivity of ~ 10" 
S/cm at 25 °C [75]. LiPON films formed from sputtering Li3PO4 in N2 atmospheres[75] . 
Studies on multifunctional SPEs for laminated composite batteries have been conducted 
recently at ARL in the US [37] at Swerea SICOMP[76] and at KTH [77] employing block co-
polymers comprising ethylene oxide (EO) groups in polymer networks processed by thermo- 
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or UV-curing. By changing the crosslinking density in relation to the EO groups they were 
able to tailor the stiffness to ion conductivity ratio of the SPE. For this purpose two 
monomers were mixed, a dimethacrylate for mechanical properties and a monomethacrylate 
for Li-ion conductivity, both comprising EO-groups were employed to graft highly 
conductive chains on to a structural, three-dimensional polymer network. Multifunctional 
performance was judged by the combined lithium ion conductivity and storage modulus. The 
results show that all copolymers exhibited enhanced multifunctional behaviour relative to the 
baseline. The SPEs were polymerised in the presence of a lithium salt. Willgert et al.[77] 
revealed in their studies that the salt did not impair curing of the SPE and that there was no 
significant effect of salt concentration on conductivity. Recently, researchers at KTH 
demonstrated that the addition of small amounts of thiol-ene (an organosulfur compound) 
increases the lithium ion conductivity of the solid poly (ethylene-oxide)-methacrylate 
electrolytes discussed above without compromising their stiffness, further improving their 
multifunctional performance [78]. In continuous to the previous work, Willgert et al. 
[77]investigated the effect of lithium triflate concentrations on the lithium-ion conductivity 
for these types of SPE. They found the lithium-ion conductivity to be unaffected by changes 
in the salt concentration in the interval 6–18 wt. %. Multifunctional SPEs were found to 
exhibit a stiffness in the range of 1–1400 MPa and ionic conductivity in the range of 1.5 × 
10"6 –2 ×10"77 S/cm.  
2.6.5 Electrical conductive Additives  
2.6.5.1 Carbon black (acetylene black) 
Carbon black material consists of elemental carbon in the form of near-spherical shape. The 
high carbon content of acetylene (92 %) and its exothermic decomposition to carbon and 
hydrogen make it an attractive raw material for conversion to carbon black. The unique 
features of acetylene black are high electrical conductivity, surface area of carbon black is 
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15-70	m/5 and  the approximate diameter of primary particle size is in the range 30-50 nm 
[79]. Carbon black has an electrical conductivity ranging from		10	to	10J	KΩ. N"7). 
Specific area is crucial factor in obtaining a carbon black network above a certain level 
(percolation level). Acetylene black, with its large number of particles per aggregate (1070), 
has a very favourable structure for providing a good conductivity to composites [80].  
2.6.5.2 Carbon nano fibre  
Vapour grown carbon nano fibre (VGCNFs) have been shown to have superior electrical 
conductivity than carbon black [81]. VGCNFs have a very high aspect ratio enabling them to 
percolate systems at low volume fraction [82]. Percolation threshold and electrical 
conductivity of VGCNF/polymer composites depend on many factors including VGCNF 
aspect ratio, nanofibre dispersion, nanofibre distribution, nanofibre conductivity, polymer 
matrix crystallinity [82].  
VGCNFs are produced by catalytic chemical vapour deposition of a hydrocarbon (such as 
natural gas, propane, benzene, ethylene, etc.) or carbon monoxide over a surface of a metal 
[82]. VGCNF produced using ethylene will result in a twisted conformation. When using 
acetylene for VGCNF production, both twisted and helical conformations were observed. 
VGCNF produced using propane feedstock and nickel–copper as catalyst has the highest 
surface area (348m/cm). However, the highest conductivity was observed for VGCNF 
produced, using ethylene as a feedstock and pure nickel as a catalyst (28.7 S/cm) [82]. Some 
of the typical properties of the carbon nano fibre are listed in table 1. 
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Table 1–Typical properties of carbon nano fibre [82]. 
Property Carbon nano fibre 
Diameter (nm) 50-200 
Length (DN) 50-100 
Aspect ratio 250-2000 
Density (g/	cmP) 2 
Electrical resistivity(Ω.cm) 1X10" 
Tensile strength (GPa) 2.92 
Tensile modulus (GPa) 240 
 
VGCNFs are hollow core nano fibres comprising of either a single layer or double layers of 
graphite planes stacked parallel, or at a certain angle from the fibre axis. The stacked planes 
are nested with each other and have different structures including bamboo-like, parallel and 
cup-stacked [82]. Carbon nano fibre having a filamentary core of conically nested graphene 
planes is preferentially recrystallised into discontinuous conical crystallites [83].  
A critical filler loading must be incorporated to transform the composite from the insulated 
state into the conductive state. At this critical concentration, which is known as the 
percolation threshold, the electrical conductivity of the composite suddenly increases by 
several orders of magnitude. Often at the percolation threshold, the filler forms a continuous 
network inside the polymer matrix and increasing in the filler loading further usually has little 
effect on the composite electrical resistivity [82]. 
  
33 
 
2.7   Summary 
This chapter has presented a critical literature review on the materials, manufacturing 
process, and the mechanical and the electrical performance characterisation of embedded 
battery composites (EBC) and the laminated composite batteries (LCB). This review has 
revealed that there was no complete study on the EBC under the effect of different applied 
mechanical loadings such as flexural, tensile and compressive stresses. There is also a lack of 
analysis of the electrical performance of EBC. Although there has been limited studies on the 
effect of applying tensile loading on solid electrolyte embedded battery, there is insufficient 
knowledge for the assessing the electrical performance of the EBC under various mechanical 
loading conditions. In particular, there is no known relationship between the mechanical 
strains and the electrical performance of the embedded energy cells. 
The literature review has also revealed that there is no published research on the multi-
functionality correlation in the EBC in which correlates the cells’ energy capacity with the 
strength of the composite structure.  Despite some preliminary feasibility study of using 
carbon fibre fabrics for carrying mechanical load and storing electrical energy in the 
laminated composite battery, the suitability of carbon fibre composite for cathode and anode 
remains unclear, particularly regarding the necessary electrical conductivity of the current 
collectors, positive and negative electrode materials. Furthermore, there is also a significant 
knowledge gap on the electrical effect of adding carbon nano fibre to the laminated 
composite battery’s cathodes. 
This research aims to address several aforementioned gaps in the science and technology of 
the multifunctional structural battery composites. In the following chapters, a series of 
experimental research studies are conducted to determine the effects of mechanical loadings 
on the electromechanical performance of multifunctional structural battery composites. These 
experimental results will be used to develop a correlating parameter to describe the 
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relationship between mechanical deformation and electric performance of structural batteries. 
This new correlating parameter will provide a useful tool for the design and optimisation of 
multifunctional structural battery composites for carrying mechanical loading and storing 
electrical energy. 
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3  CHAPTER  3 EMBEDDED BATTERY COMPOSITES  
3.1 Introduction 
Integrating composite structures with energy storage cells has the capability to carry 
structural load and store electric energy concurrently. This integration can significantly 
contribute to weight reduction at the system level[23]. One of the typical examples of such 
applications is the electrical unmanned aerial vehicles (UAVs) in which the integration of 
batteries in the structural material is critical for their practical realisation[23]. In view of these 
kinds of applications, and to increase the reliability of these systems, it is worth knowing the 
relationships between the electrical properties; in particular charge/discharge cycles, and with 
other parameters such as mechanical deformations; in particular the flexural, tensile and 
compressive deformations where no published literature is available to correlate these 
parameters. The primary objective of this chapter is to develop an energy storage structure by 
embedding thin film lithium ion energy cells into composite structure. In addition, the 
correlation between different mechanical loadings such as, flexural, tensile and compressive 
as well as the charge/discharge performance of the embedded battery composite will be 
determined. 
To develop a design method for embedded battery composites (EBC), two different 
embedding techniques were evaluated. The first type involved embedding liquid electrolyte 
rechargeable lithium polymer battery cells into carbon fibre/epoxy matrix composite 
laminates. The second type involved bonding thin film solid electrolyte rechargeable lithium 
polymer battery on the surface of carbon fibre/epoxy matrix composite laminates face sheet. 
These battery composites were then subjected to various flexural, tensile and compressive 
loading conditions. This chapter also presents the procedure of the electrical and mechanical 
testings, different materials used, tests specimen designs and the manufacturing process for 
the two types of embedded battery composites. 
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3.2 Manufacturing process  
3.2.1.1 Materials 
3.2.1.2 Embedded Liquid electrolyte battery composite 
Three types of specimens were manufactured for the tests: (a) monolithic laminates to 
characterise the mechanical properties of the composite materials under tension and 
compression loads; (b) composite sandwich panels with foam core (Reference), and (c) 
embedded battery composite (EBC) with lithium polymer cells as the core. For each 
specimen type, three coupons were manufactured for mechanical and electrical testings. The 
carbon fibre reinforced composites were fabricated by a wet lay-up process using Sigmatex™ 
carbon 2/2 twill weave fabrics (T300, 3K tow, 199 GSM) and the West System epoxy 105 
with slow hardener 206. Composite laminates were cured at room temperature for 24 hours.  
The epoxy resin curing properties as explained by the manufacturer data sheet are as 
following: - the Pot life -100g @ 25°C (in air) is 20 minutes, thin laminate cure time @ 25°C 
is 17 hours and the Mix viscosity mPas @ 25°C is 580. 
 Both tension and compression test coupons for monolithic laminates consisted of 
eight plies of woven fabric with a total thickness of 3.0 mm.  
The composite sandwich panels with foam core were made by bonding, with Araldite 420 
A/B adhesive, two cured composite laminates to a core made of Corecell A80 plain SAN 
closed-cell foam. As shown in Figure 14 (a), each face-sheet consisted of four plies woven 
fabric has a total thickness of 1.5mm. These sandwich panels, without battery cells, were 
referred to as the control specimens.  
  Embedded battery composites were manufactured by replacing the foam core with a 
Kokam USA rechargeable lithium polymer cells,  which consisted of liquid electrolyte (type 
SLPB 356495) , the outer covering of the energy cell’s packaging is aluminium lamination 
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film , and the physical dimensions of 95.5  mm (long) × 64.5  mm (width) × 3.5  mm (thick) 
as illustrated in Figure 14 (b). The embedded battery cells have two purposes in the 
composite structure, which are the structural element and also an energy storage device. The 
specifications of the battery cells are 44 g in weight, energy storage capacity of 2100 mAh, 
minimum voltage of 3 V, a nominal voltage of 3.7 V and the maximum charging voltage of 
4.2 V. The corresponding peak charge and discharge currents are 4.2 A. The positive 
electrode of the battery is lithium Cobalt Dioxide (LiCoO) and lithium Cobalt Manganese 
Nickel Oxide	KLiMnNiCoO). The negative electrode is carbon. The electrolyte used in this 
battery is lithium hexafluorophosphate (LiPF) solution which is a mixture of organic 
solvents of Ethylene Carbonate (EC) and Ethymethyl Carbonate (EMC).The separator of the 
battery is a microporous film of polyethylene (PE). The battery cell was bonded to the 
composite face-sheets using Araldite 420 A/B adhesive. Isolated electric wires, 30 mm long 
and 3 mm thick, were soldered to the battery’s electrodes to act as leads for electrical 
charging and discharging.  
 
 
(a) 
Reference (Control) 
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Figure 14: Specimen configuration (a, b), configuration of both the control and embedded battery     
composite respectively. 
3.2.1.3 Embedded thin film solid state electrolyte battery composite 
Two types of specimens were manufactured for tests: (a) monolithic laminates used as 
control specimen and to characterise the mechanical properties of the composite materials 
under flexural, tension, and compression loads; (b) embedded battery composites made of 
bonding thin film lithium solid state electrolyte cells with composite panels. For each 
specimen type, three coupons were manufactured for mechanical and electrical testings. The 
carbon fibre reinforced composites were fabricated by a wet-lay process using Sigmatex™ 
carbon 2/2 twill weave fabrics (T300, 3K tow, 199 GSM) and the West System epoxy 105 
with slow hardener 206. Composite laminates were cured at room temperature for 24 hours. 
The specimen’s coupons consist of six plies of woven fabric have a total thickness of 2 mm.  
The embedded battery composites were manufactured by bonding a rechargeable lithium ion 
thin film solid state electrolyte cells (Type: THINERGY® MEC201), dimension: 50.84 mm 
(long) x 25.4 mm (width)  x 0.170 mm (thick) to the surface of the composite face sheet using 
Araldite 420 A/B adhesive. The cathode of the battery is Lithium Cobalt Dioxide (LiCoO), 
the anode is lithium metal and the electrolyte is solid state Lithium Phosphorus Oxynitride 
(LiPON). The structure of the energy cell is described as in Figure 15. The isolated flexible 
electric wires, 30 mm long and 1 mm thick, were soldered to the battery’s electrodes to act as 
 
Embedded battery composite 
Foam
 
Foam
 
(b) 
39 
 
leads for electric charging and discharging. Figure 16 (a-b) presents a diagram for the EBC, 
and actual EBC specimen, respectively. The lithium rechargeable battery cell employed in 
this investigation has an operation temperature range from -40°C to +85°C. Each battery cell 
weighs 975 mg and featuring an energy storage capacity of 2.2 mAh, have the minimum 
voltage of 3 V, a nominal voltage of 3.9 V and the maximum charging voltage of 4.15 V. the 
energy cells have lifetime of 1000 cycles of charging and discharging. 
 
Figure 15: Structure of thin film solid state electrolyte battery[84]. 
 
 
 
(a) 
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Figure 16: (a) Diagram of the EBC specimen, (b) Actual bonded solid state electrolyte battery  
composite specimens. 
3.2.2 Mechanical testing 
3.2.3 Embedded Liquid electrolyte battery composite 
Tension and compression tests were conducted on the monolithic composite laminate 
samples to characterise the mechanical properties of the composite materials. To avoid 
buckling failure, compression tests were carried out using the NASA short block compression 
fixture. The specimen dimensions were 380.0 mm (long) × 64.5 mm (width) × 3 mm (thick) 
for tensile tests, and 49 mm (long) × 25mm (width) × 3mm (thick) for compression tests. 
Three specimens were tested for each loading condition.  
 Both the control sandwich specimens (without batteries) and the embedded battery 
composites  were tested  as in under tension and  three-point bending accordance with ASTM 
standards D3039-7 [85] and  D7264/7264M-07 [86]. The compression test was done by using 
anti-buckling guide’s fixture as shown in Figure 17. 
 
(b) 
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Figure 17:Anti-buckling guide’s fixture for compression specimens. 
The composite battery specimen’s dimensions were 195.5 mm (long) × × 64.5 mm (Width) × 
6.5 mm (thick) for flexural tests, 380.0 mm (long) × 64.5 mm (Width) × 6.5 mm (thick) for 
tensile tests, and 95.5 mm (long) × 64.5 mm (Width) × 6.5 mm (thick) for compression tests. 
The span length of three-point-bending tests was 100 mm, and Figure 18 shows experimental 
set up for flexural test. Three specimens from each type (flexural, tensile, and compressive) 
were tested and their mechanical and electrical results were recorded.  
 
Figure 18: Experimental set up for flexural test. 
Anti- buckling guides Embedded battery composite  
 
 
Load 
Composite structure with battery 
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The control sandwich specimens were first tested to determine their ultimate failure 
loads under bending, tension and compression. An incremental loading method as presented 
in Figure 19 was used to determine the effect of mechanical deformation on the electrical 
performance of the battery. Embedded battery composites were subjected to flexural, tensile 
and compressive loadings at an incremental rate of 20 % of the control specimen’s failure 
load. The effect of mechanical loading on electrical performance of the battery was observed 
by measuring the charging and discharging rate of the battery during and after each 
incremental loading. A crosshead speed of 1 mm/min was employed for all three modes of 
loading. And a strain gauge technique is used to measure the strain in all the monolithic 
specimens. 
 
 
 
Figure 19: Incremental loading method used for tensile, flexural and compressive tests. 
 
3.2.4 A Strain-based Failure Criterion of the embedded liquid electrolyte batteries 
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Results presented in the previous section indicate that mechanical loads can affect the energy 
storage capacity of battery cells, at certain level of reduction depending on the applied load. 
To design and optimise structural batteries to achieve load-carrying and energy storage 
requirements, it is necessary to identify a scaling relationship or failure criterion that can 
relate changes in battery storage capacities to the applied mechanical loads.   
From the measured applied load, the tensile and compressive strains are calculated using the 
following relationship [22]. 
                                                       
ε =
P
E2t f b      
 (1) 
where P is the applied tensile load or compressive load, 	the thickness of the face-sheets, 
and 	is the width of the battery cell.  
Under flexural loading, the maximum flexural strain of the battery is determined using 
sandwich laminate theory [87], ignoring the stiffness of the core, in according to the 
following equation. 
                                                         ε =
Plc
8D
                                                       (2)                                                        
where  P  is the bending load,  is the span length, and  is the battery thickness. In the case 
of the embedded battery composites, battery cells (multi-layer construction, no bonding 
between layers) neither provide shear coupling between face-sheets nor the bending rigidity. 
Therefore, the bending rigidity of the sandwich structure containing embedded battery cells     
is   S = UP 6⁄ . Consequently the peak compressive strain is: 
 
   X = 6 U
P⁄        (3) 
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3.2.5 Embedded thin film solid state electrolyte battery 
Both the control specimens (without batteries) and the embedded composite batteries were 
tested under tension and bending loads in accordance with ASTM standards D3039-7 [85] 
and  D790 [88]. The compression test was conducted by anti-buckling guide fixture as shown 
in Figure 17. The flexural test was performed by using four point bending technique to avoid 
damaging the solid state battery by the applied loading nose as shown in figure 20. 
 
Figure 20: Flexural test for thin film solid state electrolyte battery. 
 
 Two types of specimens were manufactured for the flexural test according to the position of 
the bonded solid electrolyte battery to the surface of the composite face sheet; they are 
tension and compression sides. Figure 21 shows the solid state battery positioning on the 
composite face sheets. Figure 21 (a) illustrates the battery position in the compression side 
for the composite face sheet under flexural loading. And in Figure 21 (b), the battery is 
positioned in the tension side for the composite face sheet under flexural loading. 
 
 
 
 
Solid state battery 
(a) 
(b) 
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Figure 21: Configuration of (a), battery in the compression side for the composite face sheet under 
flexural loading. And (b), battery in the tension side for the composite face sheet under flexural 
loading. 
 
 
 The specimen dimensions were 185 mm (long) × 25.4 mm (width) × 2 mm(thick) for 
flexural tests , 230  mm (long) × 25.4 mm (width)× 2 mm (thick) for tensile tests, and 80 mm 
(long) × 25.4 mm  (width)× 2 mm (thick) for compression tests. The span length of four-
point-bending tests was 100 mm.   
The control specimens were first tested to determine their ultimate failure loads under 
bending, tension and compression. The same mentioned incremental loading method was 
applied to determine the effect of mechanical deformation on the electrical performance of 
embedded thin film solid electrolyte battery composites. A crosshead speed of 1 mm/min was 
employed for all three modes of loading. 
3.2.6 Strain calculation of the embedded thin film solid state electrolyte battery. 
 
 Designing and optimising structural batteries to achieve energy storage and load-carrying 
requirements need to identify a scaling relationship or failure criterion, which can relate the 
changes in battery storage capacity to the applied mechanical loads. From the measured 
applied load, the flexural, tensile and compressive strains were calculated as following. 
Under flexural loading, the maximum flexural strain of the battery is determined using the 
following equation, 
 
                        Ԑ = 	 YZ
[\
                         (4) 
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where Ԑ is the maximum strain at the outer surface of the specimen, 
 is the mid- span 
deflection (mm),   is the support span(mm),	ℎ is the thickness of the specimen (mm) [86]. 
From the measured applied load, the tensile and compressive strains are calculated using the 
following relationship, 
                                      Ԑ = 	
]
^_
`
                              (5) 
Where F is the tensile / compressive load, A is the cross section area of the specimen. E is the 
young modulus of tensile / compressive specimens. 
  
3.3 Electrical testing 
3.3.1 Embedded Liquid electrolyte battery composite 
The lithium polymer batteries were charged and discharged by the Cellpro PowerLab 6 multi-
chemistry battery workstation to determine electrical performance of the energy cells. 
Parameters such as, current, voltage and energy storage capacity were measured.  
Electrical testing was achieved to characterise the electrical performance of the embedded 
liquid electrolyte battery as following: 
Firstly, a baseline reference charge / discharge cycles were initially obtained for the batteries 
before and after embedding in the composite structure. This was conducted to investigate the 
effect of embedding process on the electrical performance of the battery. 
Secondly, cycles of charging /discharging were performed during and after each incremental 
loading to investigate the effect of different levels of mechanical deformation on the 
embedded battery’s electrical and mechanical performance.  
Charging and discharging tests were conducted by constant current (CC) and constant voltage 
(CV) methods. 
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For the electrical performance characterisation, the composite battery specimens were 
charged at a constant current of 4 A. During charging mode, the voltage increased from 3V to 
4.2Vwhen charging was terminated. In the discharging mode, the current was maintained 
constantly at 4 A. The discharging mode will be terminated when the voltage dropped from 
4.2 V to 3 V. The experimental set-up for electrical measurements is shown in Figure 22. 
 
 
Figure 22: Electrical experimental set up for the embedded battery composites 
 
 
 
3.3.2 Embedded thin film solid electrolyte battery composite:- 
 
Electrical testing was achieved to characterise the electrical performance of the solid 
electrolyte battery as following: 
Firstly, a baseline reference charge/discharge cycles was initially obtained for the batteries 
before and after bonding the battery on the surface sheet of the composite structure to 
investigate the effect of bonding process on the electrical performance of the battery. 
Embedded battery composite 
48 
 
Secondly, cycles of charging /discharging were performed during and after each incremental 
loading to investigate the effect of different levels of mechanical deformations on the bonded 
battery performance. 
For the electrical performance characterisation, a maximum voltage of 4.1V  
(recommended by the manufacturer) was employed to measure the efficiency of the solid 
state electrolyte battery cells as the composite battery specimens were subjected to different 
levels of mechanical loadings. Charging tests were conducted by constant voltage (CV) 
method by using laboratory DC power supply And discharging process was carried out 
utilizing a constant 2.2 KΩ resistive load, which leads to an average discharging current of 
approximately 1mA, corresponding to discharge rate of 1C. The embedded battery specimens 
were charged at a constant voltage of 4.1 V. During charging, the voltage increased from 3V 
to 4.1V, and the energy cells considered to be fully charged when the current drops below 
20	DA. In the discharging mode, the discharging was terminated when voltage dropped from 
4.2 V to 3 V.  
 
3.4 Summary  
In this chapter, the materials which had been used in the embedded liquid and solid 
electrolyte battery composites were described. Specimen’s dimensions for flexural, tensile 
and compressive tests as well as the manufacturing processes were explained thoroughly. 
Two configurations of flexural specimens for the embedded solid state thin film electrolyte 
battery composite were prepared for the experimental testings. The procedure of the 
mechanical and electrical testings for the embedded battery composite were conducted as 
follows: Firstly, the two types of the energy cells were charged and discharged, before and 
after embedding into the composite structure to compare between their electrical performance 
results. Secondly, different mechanical loadings were applied to the embedded battery 
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composites, whereby mechanical testings were conducted on the flexural, tensile and 
compressive specimens by applying an incremental load of 20% of the benchmark 
specimens’ failure load. Cycles of charging and discharging were performed on the 
embedded battery composite specimens under the different mechanical loadings. The 
electrical charging/discharging for the (EBC) was conducted before and after applying the 
mechanical loading to determine their electrical performance in absence of mechanical 
loading. 
In the next chapter, the obtained results of applying different mechanical loadings on the 
electrical performance of embedded battery composite comprising the liquid/solid electrolyte 
batteries are discussed, in addition, the utilized strain-based failure criterion formulas for the 
EBC will be illustrated.  
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4 CHAPTER 4 RESULTS OF THE EMBEDDED BATTERY 
COMPOSITES 
4.1 Introduction 
 
The relationship between the mechanical and the electrical properties of the embedded 
battery composite (EBC) is important to the design of integrated battery structures, which can 
attain satisfactory performance under different mechanical deformations. The objective of 
this chapter is to identify a suitable correlating parameter that links the experimental data 
obtained from different mechanical loadings (flexural, tensile and compressive) with the 
electrical performance of the embedded battery composite comprised of the liquid and solid 
electrolyte batteries. The mechanical properties together with electrical performances of the 
two types of EBC specimens were determined under the three mechanical modes (flexural, 
tensile, and compressive). The measurements include electrical performances of the energy 
cell, such as current, voltage, internal resistance, electrical storage capacity under mechanical 
loadings. Based on these experimental findings, a new strain criteria is proposed to relate the 
electric performances of EBCs with the level of mechanical loading. 
 
4.2   Embedded liquid electrolyte battery composite  
 
The failure loads for monolithic composite laminates (control specimen) of tension tests were 
61 kN, 66 kN and 81 kN. For compression tests, the failure loads were 19.5 kN, 20 kN and 22 
kN. Typical stress-strain curve of monolithic composite laminates under tension and 
compression is shown in Figure 23. Main mechanical Properties of the woven composite 
laminate are presented in table 2. 
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Table 2: Main  mechanical properties of the woven composite laminate 
Name   Value 
Tensile strength 358 MPa 
Compressive strength 273 MPa 
Young modulus under tension 34.3 ± 1 GPa 
Young modulus under compression 33.3 ± 1 GPa 
Average failure tensile strain 0.0105 (1.05 %) 
Average failure compressive strain 0.0082 (0.82 %) 
 
 
 
Figure 23: Typical stress-strain curves of monolithic composite laminates under tension and 
compression. 
 
When compared to the control specimens, the embedded liquid electrolyte battery 
composite specimens achieved the same maximum loads under both tension and bending. 
The average tensile failure load was (52 ± 1) kN for both the control and EBC specimens, 
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corresponding to an effective tensile stress of 268 MPa in the composite face-sheets. Figure 
24 (a, b) shows load displacement curves for both reference and embedded liquid electrolyte 
battery composite under mechanical loading.  
 
 
 
Figure 24: Load displacement curves for both reference and embedded battery composite under 
mechanical loading. (a) tensile (b) three-point-bending. 
0
10
20
30
40
50
60
0 0.5 1 1.5 2 2.5 3
Te
n
sil
e 
lo
a
d 
(K
N
)
Displacement (mm)
Reference (Control)
Embedded battery composite
(a)
0
200
400
600
800
1000
1200
1400
1600
0 2 4 6 8 10 12 14 16
Be
n
di
n
g 
lo
a
d 
(N
)
Displacement (mm)
Reference (Control)
Embedded battery composite (b)
53 
 
As compared to the monolithic composite laminates of tensile test, sandwich panels 
failed at a lower strength. This was due to the extra stress concentration near the grips and the 
low flexibility of the foam core causing deformation of the face sheets under lateral 
compression.  
It was noted that when comparing flexural failure load of the embedded battery 
composite and reference specimens that the (EBC) specimens have lower stiffness, this 
occurred due to no shear stiffness between the battery layers (decoupled). 
 Under compressive loading, the foam-core sandwich specimens reached an average 
strength of (30 ± 3) kN. This load corresponds to a compressive stress of 155 MPa, which is 
substantially less than the compressive strength of the composite laminate (which equals to 
260 MPa).  
By comparison, the EBC specimens reached only half of the ultimate compressive strength of 
the control specimens. The average failure load was (17 ± 2.5) kN, corresponding to a stress 
of 87.8 MPa in the face-sheets. Figure 25 shows the load displacement curves for both 
reference and EBC under compressive loading. 
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Figure 25: Load displacement curves for both reference and embedded battery composite under 
mechanical loading for compressive loading. 
 
 
Since flexural loading was applied to the EBC specimens at an increment of around 20% of 
the ultimate failure load of the control, these specimens were subjected to gradually 
increasing flexural loads. Therefore, the battery performance was characterised after flexural 
loads reached 274 N at 20%, 548 N at 40%, 822 N at 60%, and 1096 N at 80 %, respectively, 
at which the strain in the face sheets reached 0.11 %, 0.22 %, 0.33 %, and 0.49 % from the 
maximum strength respectively. Under the same incremental rate for applied tensile loadings 
of 10.4 kN, 20.8 kN, 31.2 kN and 41.6 kN, the strain values were 0.15 %, 0.31%, 0.47 %, and 
0.62 %, respectively. In the case of compressive loading, due to premature buckling failure 
under compression, the electric performance of EBC specimens was characterised after 
subjecting to two load level,: 6 kN and 12 kN, where the strain values were 9 % and 19 %.  
Figure 26 presents typical images of the fractured specimens under tensile, bending and 
compressive loadings. The tensile specimens fractured outside the region where the battery 
cell was embedded while the bending specimens failed in the middle of the specimen (and the 
battery cell) near the location of the top roller. Under compressive failure load, the specimens 
failed in the along contact region between the specimen and the anti-buckling guides. 
 
 
 
55 
 
 
Figure 26: Photos of fractured composite sandwich panels and embedded composite batteries 
(indicated by copper wires) subjected to tensile, flexural and compressive loadings. 
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The charging and discharging current versus time for stand-alone battery and embedded 
battery, subjected to bending loads are shown in Figures 27 (a, b). The pertinent voltage 
variations are presented in Figure 28. 
Results of the embedding the liquid electrolyte polymer battery in the composite structure 
showed that the embedding process did not affect the electrical performance of the battery.   
It is observed that the applied mechanical loads has reduced the charging and discharging 
time, indicating a reduction in capacity. In particular, the applied flexural loadings of 274 N, 
548 N, 822 N and 1096 N on EBC specimens have decreased the average discharging time 
for from (40 ± 0.1) min to (39.1 ± 0.09) min, (35.2 ± 0.09) min, (34.1 ± 0.13) min and finally 
to (32.5 ± 0.11) min respectively.  
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Figure 27: (a) Charging and (b) discharging current as a function of time before and after the applied 
flexural loads. 
 
 
 
 
Figure 28: Charging and discharging voltages before and after the applied flexural loadings. 
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When the composite battery specimens were loaded at an increment of 20 % of the tensile 
failure load, the average discharge time reduced from (40 ± 0.05) min to (39.6 ± 0.098) min, , 
(37.3 ± 0.09) min, (35.4 ± 0.13) min and finally to (34 ± 0.12) min. For the compressive 
loading case, the average discharge time reduced from (40 ± 0.05) min to (39.5 ± 0.098) min 
and finally to (37.6 ± 0.12) min.  
With these results, it is possible to determine the electrical energy storage capacities of the 
batteries C, defined asa bcd , where i is the charging and discharging current, and 	 is the 
charging and discharging time. Figure 29 shows the effect of mechanical loading on the 
discharging capacity of the embedded liquid electrolyte battery cells. Although all three types 
of mechanical loading caused some reduction in battery’s energy storage capacity. However, 
it is observed that the flexural loading has caused the most reduction in capacity for a given 
percentage of the failure load.  
 
Figure 29: Effect of discharging capacities of the battery cells under different mechanical loadings. 
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It is noted from the mechanical and the electrical testings that the energy cell in the  
embedded composite battery have retained some of its energy storage capacity upon the  
removal of the mechanical load to zero level as shown in Figure 30 (a, b, and c). 
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Figure 30:  Discharging capacity values at different mechanical loadings for (a) flexural, (b) tensile, 
and (C) compressive. 
 
The average discharging capacity decreased from (2100 ± 5) mAh at the baseline 
measurement to 2058 ± 13 mAh at 20 % of flexural failure load, 2005 ± 12 mAh at 40 % of 
flexural failure load, 1926 ± 12 mAh at 60 % of flexural failure load, and finally to 1802 ± 13 
mAh at 80 % flexural failure load. For tensile test results, the average discharging capacity 
decreased from 2100 ± 5 mAh at the baseline to 2062 ± 3 mAh of tensile failure load, to  
2032 ± 6 mAh, 1974 ± 7 mAh, and finally to 1911 ± 9 mAh.  For compressive test results, the 
average discharging capacity decreased from 2100 ± 5 mAh at the baseline to 2085 ± 3 mAh 
and finally to 2065 ± 9 mAh of compressive failure load.       
The average values and standard of errors for the change of the internal resistance 
(∆R) variations with the applied loads are plotted in Figure 31. Before the commencement of 
mechanical loading on the specimens, the initial internal resistance was unchanged after 
soldering the wires. As the mechanical loading increased, the average internal resistance of 
EBC specimens increased gradually. At a given percentage of the failure loads, bending 
loading produced the largest change in internal resistance from the baseline measurements at 
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11.1 ± 0.1 mΩ, to 13.5 ± 0.2 mΩ, 17.6 ± 0.1 mΩ, 21.4 ± 0.1 mΩ and finally to 26.5 ± 0.1 mΩ 
at 80% failure flexural failure load. Results obtained from applied tensile loading have shown 
that the internal resistance of the energy cell increased from 11.1 ± 0.1 mΩ, 11.9 ± 0.2 mΩ, 
14.7 ± 0.3 mΩ, 16.7 ± 0.1 mΩ, and finally to 20 ± 0.2 mΩ. As for the compressive loading, 
the results demonstrated that there is an increase in the internal resistance of the battery from 
11.1 ± 0.1 mΩ at the baseline measurements to 11.9 ± 0.1 mΩ, and finally to 13 ± 0.1 mΩ. 
Figure 32 shows the internal resistance values at different mechanical loadings for flexural, 
tensile, and compressive tests. 
 
 
Figure 31: Changes in battery cell’s internal resistance due to the application of mechanical loading. 
 
0
1
2
3
4
5
6
7
8
0% 20% 40% 60% 80% 100%
C
ha
n
gi
n
g 
in
te
rn
a
l r
es
ist
a
n
ce
 
 
∆
R
 
(m
Ω
)
% of failure load
Flexural loading
Tensile loading
Compressive loading
Initial internal resistance of prestine battery is 11.1mΩ
62 
 
 
 
 
 
Figure 32: Internal resistance values at different mechanical loadings for (a) flexural, (b) tensile, and 
(c) compressive. 
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 In general, the embedded liquid electrolyte composite battery cells can be charged and 
discharged upon applying of mechanical loads, even after the complete failure of the 
composites. At 80 % of failure load, the change in energy storage capacity was less than 15% 
in case of bending, 10 % of tensile and 3% compressive case. When the mechanical loadings 
were removed after applied 80 % of the failure load, the permanent change in energy storage 
capacity from the baseline measurements was less than 12 % in case of bending, 8 % of 
tensile and 1.5 % compressive cases. After applying of higher mechanical loads, greater 
degradation in electrical performance occurred, especially in the case of flexural loading. 
Loading on the embedded composite batteries to 80 % of the bending strength can reduced 
the charging and discharging time of the battery by 6 min from the baseline performance. 
Greater reduction in the energy storage capacity was observed for bending tests than that 
pertinent to tensile tests, which was accompanied by a greater increase in the internal 
resistance under flexural loading than the other two loading modes. At 80% of flexural failure 
load, the internal resistance of EBC increased by factor of 1.38 from the baseline 
measurement. 
 Since the embedded battery composite was able to maintain 85 % of its maximum energy 
storage capacity during mechanical loads. The time for charging and discharging did not 
change significantly after the EBC specimens were subjected to different mechanical loads. 
Thus they are considered as being close-to-fully functional.  
Figure 33 shows the correlation between the percentage of changes in battery’s 
capacity (∆C/C0) and in the internal resistance (∆R/R0) after being subjected to bending, 
tension and compressive loadings. It is interesting to note that the reduction in battery’s 
charging and discharging capacities after being subjected to bending, tensile and compressive 
deformation correlates well with change in the internal resistance. Consequently, resistance 
can be used a good indicator for detecting degradation in a battery’s performance.  
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Figure 33: The percentage of capacity reduction versus the percentage of internal resistance increase 
after bending, tensile and compressive loadings. 
 
 
When correlating the obtained electrical results  with calculated mechanical strain , A Figure  
of 34 clearly shows the changes in energy capacity (∆C/C0) and internal resistance (∆R/R0) 
versus the mechanical strain under bending, tensile and compressive loads. The results reveal 
that changes in storage capacity are approximately proportional to the applied strain. A linear 
regression of the experimental results yields, 
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Figure 34: (a) The changes in energy capacity (∆C/C0) and (b) the internal resistance (∆R/R0) versus 
the mechanical strain under bending, tensile and compressive loads. 
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4.3 Embedded thin film solid state electrolyte battery composite 
 
Flexural control and embedded battery specimens failed at an average load of 240 N and 234 
N respectively. For tensile test were 22.6 kN, and 21.5 kN. And for compression tests were 
14.2 kN, and 13 kN. Typical stress-strain curves of composite laminates under tension and 
compression loads are shown in Figure 23. The tensile and compressive strengths of the 
woven composite laminate are 442.913 MPa under tension load and 275.6 MPa under 
compression load respectively. As compared to the control specimens, the embedded battery 
composite (EBC) specimens have achieved the same maximum strength under bending, 
tension and compression loads which are shown in Figure 35 (a, b, and c) 
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Figure 35 : Load displacement curves for both reference and embedded battery composite under 
mechanical loadings, (a) bending, (b) tensile, and (c) compressive. 
Since flexural , tensile and compression  loadings were applied to the EBC specimens 
at an increment of around 20 % of the ultimate failure load of the control, these specimens 
were subjected to gradually increasing flexural loads of 48 N, 96 N, 144 N and 192 N at 
which the corresponding strain values were 0.14 %, 0.28 %, 0.42 % and 0.56 % respectively. 
, and measurement of the strains was done on the tension side of the specimens. The tensile 
loads under the same failure load increment were 4.5 kN, 9 kN, 13.5 kN and 18 kN. The 
corresponding strain values were 0.26 %, 0.52 %, 0.77 % and 1% respectively. Finally for the 
compressive loads under similar failure load increment, there values were 2.8 kN, 5.6 kN, 8.4 
kN and 11.2 kN. The corresponding strain values were 0.17 %, 0.33 %, 0.50 % and 0.67 %, 
respectively. At each level of incremental load, the electrical performance of the energy cells 
was measured by charging and discharging the embedded battery cells. Also, the electrical 
measurements were done when the mechanical loading was removed at zero position. Figure 
36 (a), and (b) shows the charging and discharging current versus time for stand-alone battery 
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and embedded composite battery subjected to flexural load. The reason for using flexural test 
as the typical illustrated case because the electrical performance of the surface-bonded thin 
film solid state battery is more affected by the flexural loading than tensile and compressive 
loadings. 
 . The pertinent voltage variations are presented in Figure 37 (a, and b). 
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Figure 36:  (a) Charging and (b) discharging current before and after applied flexural loading. 
 
 
 
 
Figure 37: (a) Charging and (b) discharging voltage before and after applied flexural loading. 
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The results showed that the electrical performance of the embedded energy cell did not change as 
compared to its baseline measurements before embedding into the composite laminates. This means 
the embedding process does not affect the electrical performance of the battery. 
It is seen that the applied mechanical loads has reduced the charging and discharging 
time, indicating a reduction in capacity. In particular, the application of flexural loading 
(battery on the tension side). While applying the bending loading of 37 N, 74 N, 111 N and 
148 N, the average discharge time reduced from the baseline measurement 1.27 ± 0.01 hr to 
1.25 ± 0.01 hr at 20 % of flexural failure load, 1.20 ± 0.02 hr at 40 % of flexural failure load, 
1.161 ± 0.04 hr at 60 % flexural failure load, and finally to 1.1045 ± 0.03 hr at 80 % of 
flexural failure load, respectively. 
The applied tensile loadings of 4 kN, 8 kN, 12 kN and 16 kN on EBC specimens have 
decreased the average time for discharging current from 1.27 ± 0.01 hr 1.26±0.01 hr, 1.25 ± 
0.01 hr to 1.22 ± 0.01, and finally to 1.20 ± 0.01 hr. Under compressive loading of 2 KN, 4 
KN, 6 KN and 8 KN, the average discharge time decreased from the baseline measurement of 
1.27 ± 0.02 hr to 1.26 ± 0.03 hr, 1.25 ± 0.01 hr, 1.24 ± 0.01 and finally to 1.22 ± 0.02 hr. 
 Although all three types of mechanical loadings have caused some reduction in the energy 
cell capacity, the flexural loading (tension side) for a given percentage of the failure load 
seems to experience the most reduction followed by flexural loading (compression side), then 
tensile loading and finally the compressive loading. The average discharging capacity 
decreased from 2.2 ± 0.01 mAh to 2.17 ± 0.01 mAh, 2.099 ± 0.01 mAh, 1.92 ± 0.01 mAh, 
and finally to 1.69 ± 0.01 mAh in case of flexural loading (tension side). 
 The average discharging capacity for the tensile test decreased from the baseline value of 2.2 
± 0.01 mAh to 1.96 ± 0.01 mAh when subjected to 80 % the tensile failure load. The average 
discharging capacity reduced for compressive test from the baseline measurement of 2.2 ± 
0.01 mAh to 2.04 ± 0.01 mAh when subjected to 80 % the compressive failure load.  
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Figure 38 shows the effect of different mechanical loadings on the average discharging 
capacity of the bonded to the surface thin film solid state electrolyte battery cells. 
 
 
Figure 38: Capacity of the battery cells affected by mechanical loading 
 
the mechanical and the electrical testing results of the  bonded  thin film solid state electrolyte 
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b, c, and d), 
1.6
1.7
1.8
1.9
2
2.1
2.2
2.3
0% 20% 40% 60% 80% 100%
D
isc
ha
rg
in
g 
ca
pa
ci
ty
 (m
A
h)
Percentage of failure load
Flexural loading (tension side)
Flexural loading (compression side)
Tensile loading
Compressive loading
72 
 
 
 
 
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2
2.3
0 0.001 0.002 0.003 0.004 0.005 0.006D
isc
ha
rg
in
g 
ca
pa
ci
ty
 
(m
A
h)
Strain
 After Flexural loading ( tension case)
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2
2.3
0 0.001 0.002 0.003 0.004 0.005 0.006
D
isc
ha
rg
in
g 
ca
pa
ci
ty
 (m
A
h)
Strain
After Flexural loading  (compression case) (b)
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2
2.3
0 0.002 0.004 0.006 0.008 0.01 0.012
D
isc
ha
rg
in
g 
ca
pa
ci
ty
 (m
A
h)
Strain
After Tensile load (c)
(a) 
73 
 
 
 
Figure 39: Discharging capacity values at different mechanical loadings for (a) flexural (tension 
case), (b) flexural (compression case), (c) tensile, (d) and compressive. 
 
 
The average values and standard of errors for the internal resistance (∆R) variations with the 
applied loads are plotted in Figure 40. The internal resistance was unchanged after soldered 
the wires to the embedded solid electrolyte batteries. As the mechanical loading increased, 
the average internal resistance of EBC specimens increased gradually. At a given percentage 
of the failure loads, bending loading (tension side) produced the largest change in internal 
resistance from 29 ± 0.2 Ω, to 30.3 ± 0.2 Ω, 32 ± 0.2 Ω, 35 ± 0.21 Ω and finally to 40 ± 0.2 Ω 
at 80 % failure load. Figure 41 shows the internal resistance values at different mechanical 
loadings for flexural, tensile and compressive tests. 
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Figure 40: Changes in battery cells internal resistance due to the application of mechanical loadings. 
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Figure 41: Changes in battery cells internal resistance values at different mechanical loading for (a) 
flexural (tension side), (b) flexural (compression side), (c) tensile, (d) and compressive. 
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The embedded battery cells can be charged and discharged upon the applied mechanical 
loads, even after the complete failure of the composites. At 80 % of failure load, the change 
in energy storage capacity was less than 24 % in case of bending( tension side), 17 % of 
bending (compression side), and 13 % of tensile, and 10 % compressive case, and when the 
mechanical loadings were removed after applied 80 % of the failure load. The permanent 
change in energy storage capacity from the baseline measurements was less than 18% in case 
of bending (tension side), 14 % of bending (compression side), 11 % of tensile and 7 % of the 
compressive case. Loading the embedded battery composite to 80 %, the bending strength 
reduced the discharging time of the battery by 8.5 min from the baseline performance. 
Greater reduction in the energy storage capacity was observed for bending tests than that 
pertinent to tensile and compressive tests, which was accompanied by a greater increase in 
the internal resistance under flexural loading than the other two loading modes. The internal 
resistance of the battery had increased by 30 % from the baseline measurement at 80 % of 
Flexural failure load (tension side). Even though the embedded battery composite was able to 
maintain 76 % of its maximum energy storage capacity during mechanical loads, the time for 
charging and discharging did not change significantly after the EBC specimens were 
subjected to different mechanical loads. Thus they are considered as close-to-fully functional.  
Figure 42 shows the correlation between the percentage of changes of the battery’s capacity 
(∆C/C0) and the internal resistance (∆R/R0) after being subjected to bending, tension and 
compressive loadings. It is interesting to note that the reduction in battery’s charging and 
discharging capacities after being subjected to mechanical deformation correlates well with 
the changes in the internal resistance. Consequently, resistance can be used as a good 
indicator for detecting degradation in a battery performance.  
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Figure 42: The correlation between the percentage of changes in battery’s capacity (∆C/C0) and in the 
internal resistance (∆R/R0) after being subjected to bending, tension and compressive loadings. 
 
Figure 43 shows the changes in internal resistance (∆R/R0) and energy capacity (∆C/C0) 
versus the mechanical strain under bending, tensile and compressive loads. The results reveal 
that changes in storage capacity are approximately proportional to the applied strain. 
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Figure 43: (a) The internal resistance (∆R/R0), and (b) the changes in energy capacity (∆C/C0) versus 
the mechanical strain under bending, tensile and compressive loads. 
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4.4 Summary 
The multifunctional performance of EBC has been investigated by subjecting composite 
sandwich structures embedded with lithium ion battery cells to mechanical loadings and 
electrical charging and discharging. Three different mechanical loadings (bending, tension 
and compression) were investigated in this experimental work. The results showed that 
embedding liquid/solid electrolyte polymer batteries into composite sandwich structure did 
not significantly alter the mechanical properties under flexural and tensile loadings. However, 
in the case of embedded liquid electrolyte battery composite, the use of battery cells as core 
caused premature buckling failure as compared to reference structure without battery cells. 
Degradations in batteries charging and discharging capacities have been found to correlate 
very well with the increment of the internal electrical resistance. Furthermore, degradations in 
batteries charging and discharging capacities under these three different modes of mechanical 
loadings have been found to correlate well with mechanical strains experienced by the battery 
cells. This scaling relationship provides a design criterion for composite structural batteries. 
Some retention in the energy storage capacity of the embedded liquid/solid electrolyte battery 
was noticed when the effect of the mechanical loadings was completely removed.  
In the next chapter, analysis and discussion to the observed mechanical and electrical 
performance results of the embedded battery composite which subjected to different 
mechanical loading will be presented. 
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5 CHAPTER 5 ANALYSIS AND DISCUSSION OF THE 
EMBEDDED BATTERY COMPOSITES  
5.1 Introduction 
 
This chapter focuses on the effect of different mechanical loadings (flexural, tensile and 
compressive deformations) on the charge/discharge performance of the embedded battery 
composite. The relationship between the mechanical deformations and electrical 
performances of the embedded battery composite were investigated, with a view of 
characterising the multi-functional performance of embedded composite battery structure. 
The internal components in the embedded battery composites were inspected individually by 
using scan electron microscopic (SEM) method to determine the root of the degradation in 
the energy storage capacity under mechanical deformation. The observations and results 
obtained from the tests will be discussed in detailed. 
 
5.2 Embedded liquid electrolyte battery composite  
 
The primary objective of developing embedded battery composites is to achieve multiple 
system requirements at the minimum weight. Thus it is necessary to evaluate the efficiency of 
the multifunctional performance of the embedded battery composites under different 
mechanical deformations and characterise relationship between them. Some useful 
correlations between the aforementioned parameters is the multi-functionality correlation, 
which is the correlation between the specific strength or specific stiffness of the composite 
structure and the specific capacity of the battery.  Figure 44 shows the specific capacity and 
specific strength of structural batteries subjected to (a) flexural, (b) tensile, and (c) 
compressive loading, and Figure 45 shows the specific capacity and specific stiffness of 
structural batteries subjected to (a) flexural, (b) tensile, and (c) compressive loading The 
straight-line signifies no-synergy: meaning that any point on this line corresponds to a design 
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that gains in one functionality but incurs proportional loss in the other functionality. The 
results from bending and tensile tests are close to the no-synergy line, while the results from 
the compressive tests lie even below this line. The relatively poor performance under 
compression loading can be attributed to that the battery cells with a multi-layer construction 
do not provide lateral support to prevent premature buckling failure of the face-sheets. 
Therefore, embedding liquid electrolyte battery cells in sandwich structure does not provide a 
clear multifunctional advantage in terms of strength and energy capacity. However, there are 
some secondary benefits such as the face-sheets offering protection to the battery cells from 
external loads.  
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Figure 44: The specific capacity and specific strength of structural batteries subjected to (a) flexural, 
(b) tensile, and (c) compressive loading. 
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Figure 45: The specific capacity and specific stiffens of structural batteries subjected to (a) 
flexural, (b) tensile, and (c) compressive loading. 
 
The reasons for the observed increase in internal resistance and reduction in energy capacity 
of the embedded liquid electrolyte battery composites remain unclear, probably due to the 
complexity of the system and the many other contributing factors. Recent studies have 
identified that one possible cause is the viscoelastic creep of the porous separator in lithium–
ion batteries[44]. Changes in the pore structure, in particular, the pore closure, may reduce 
the efficiency of ion transport, increases the internal resistance and reduces the storage 
capacity. Figure 46 shows scanning electron microscope (SEM) images of separators in 
pristine and deformed batteries after applying mechanical loading. These physical changes 
shown in the pictures support the present finding that the mechanical strain is a promising 
correlating parameter for battery performance under mechanical loading. Also, it is noted that 
SEM images show no changes in the structure of the battery’s cathodes and the anodes after 
applying the mechanical loadings as shown in Figure 47 and Figure 48 respectively.  
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Figure 46: Scan electron microscope (SEM) images of the undeformed separator and separator in 
battery after applying mechanical loading. 
 
 
 
 Separator in un-deformed battery  Separator in battery after mechanical loadings 
 Separator in un-deformed battery 
 Separator in battery after mechanical loadings 
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Figure 47: Scan electron microscope (SEM) images of the undeformed cathode and cathode in 
battery after applying mechanical loading. 
 
 
 
 
 
Cathode in un-deformed battery  Cathode in battery after mechanical loadings 
 Cathode in un-deformed battery  Cathode in battery after mechanical loadings 
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Figure 48: Scan electron microscope (SEM) images of the undeformed anode and anode in battery 
after applying mechanical loading. 
 
5.3 Embedded thin film solid electrolyte battery 
 
Based on the findings presented in Chapter 4, it can be concluded that flexural loading 
(tension side) is the most damaging mode of loading on the electrical performance of 
embedded solid electrolyte battery composites compare to flexural (compression side), tensile 
and compressive loading, respectively. When the multi-functionality correlation of specific 
strength of the composite laminate and specific battery capacity was investigated in 
embedded thin film solid state electrolyte battery composite, the results revealed that the 
Anode in un-deformed battery Anode in battery after mechanical loadings 
Anode in un-deformed battery 
 Anode in battery after mechanical loadings 
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flexural (tension side), flexural (compression side), tension and compressive tests were below 
and close to the no-synergy line. However, when the correlation of the composite specific 
stiffness and specific battery capacity examined for the three cases of the mechanical 
loadings, the results were on the synergy line. Hence, embedding solid electrolyte battery 
cells in sandwich structure does not provide a clear multifunctional advantage in terms of 
strength, and stiffness with the energy capacity in spite of some other benefits such as the 
face-sheets offering protection to the energy cells from external loads. Figure 49 shows the 
specific capacity and specific strength of structural batteries subjected to (a) flexural (tension 
case), (b) tensile, and (c) compressive loading, and  Figure 50 shows the specific capacity and 
specific stiffness of structural batteries subjected to (a) flexural (tension case), (b) tensile, and 
(c) compressive loading.   
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Figure 49: The specific capacity and specific strength of structural batteries subjected to (a) flexural 
(tension case), (b) tensile, and (c) compressive loading. 
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Figure 50: Shows the specific capacity and specific stiffness of structural batteries subjected 
to (a) flexural (tension case), (b) tensile, and (c) compressive loading. 
 
 
 
An investigation on the reduction in the electrical performance of the energy cells was 
conducted by SEM for the internal components of the thin film solid state electrolyte 
batteries. The method used was by comparing the images of the electrolyte in un-deformed 
battery with electrolyte in battery after mechanical loadings. The images show some cracks in 
the electrolyte region in the battery subjected to mechanical loadings. The role of the 
electrolyte is to facilitate the ionic movement in between the cathode and anode of the energy 
cell. Increase in the amount of cracks in the electrolyte will attribute to the increase in the 
electrical internal resistance of the energy cells, which causes a decrease in the energy cell 
storage capacity. Figure 51 shows SEM images of the electrolytes in pristine and deformed 
batteries that have experienced mechanical loading. Some retention in the storage energy 
battery capacity was observed when the mechanical loads were removed. This phenomenon 
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is due to the reduction in the gaps between fractured pieces of electrolyte, allowing a certain 
level of recovery in ionic transportation when the structure is unloaded. 
 
 
 
 
 
 
Figure 51: Scan electron microscope (SEM) images of the undeformed electrolyte and electrolyte in 
battery after applying mechanical loading. 
5.4 Summary 
 
The results presented in the multi-functionality correlation of the embedded battery 
composite have shown that the mechanical deformation is the primary factor affecting the 
electrical performance of the energy cells. This is confirmed based on all detailed 
observations of the internal components of the battery cells subjected to flexural, tensile, and 
compressive loads. Cathodes and anodes of the embedded liquid electrolyte battery 
 Electrolyte in un-deformed battery  Electrolyte in battery after mechanical loadings 
 Electrolyte in un-deformed battery  Electrolyte in battery after mechanical loadings 
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composite remained unchanged under mechanical loadings. However, the deformation of the 
porous of battery’s separator has attributed to the reduction to the energy storage capacity. 
SEM images showed that the reduction in the energy storage capacity of the embedded solid 
state electrolyte battery was caused by a fracture electrolyte region under mechanical 
loadings.  
In the next chapter, the approach of manufacturing the laminated composite battery will be 
reported. Furthermore, its electrical and mechanical characterisation will be examined. 
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6 CHAPTER 6 LAMINATED COMPOSITE BATTERY 
6.1 Introduction 
The Laminated Composite battery (LCB) is being developed to store electrochemical energy 
and carry different mechanical loads simultaneously [20]. The present study investigates the 
LCB concept that utilises a fibre-matrix composite platform in which the load-carrying 
members are designed to function as an electrochemical battery component. The basic design 
as shown in Figure 52 comprises carbon fibre laminates acting as current collector in the 
cathode and anode structure, a glass fibre separator layer, and a polymer electrolyte which 
binds the battery’s components together. The carbon fibre fabrics electrical performance 
results of the cathode and anode current collectors are compared with metallic foil current 
collectors’ results.  The carbon fibre-based cathode and anode materials are used because of 
its inherent multi-functionality for this application. The high strength and stiffness of carbon 
fibres provide mechanical reinforcement for the laminated composite battery, while its 
electrical conductivity allows for transport of electrons into and out of the energy cell [20]. 
The fibre glass separator layer provides additional structural support while ensuring electrical 
isolation of the electrode layers. The polymer electrolyte conducts lithium ions between the 
cathode and transfer load to the battery’s components. The aim of this chapter was to 
investigate the effect of mechanical deformation on the electrical performance of LCB. 
Various materials and fabricating/constructing processes for the LCB were explored. Basic 
electrical measurements were carried out for LCB’s components before and after constructing 
the LCB to investigate their electrical performance. Finally, tensile testing was performed to 
examine the effect of mechanical deformation on the electrical performance of LCB. 
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Figure 52: Basic design of the laminated composite battery. 
 
 
6.2 Materials  
6.2.1  Cathode structure 
6.2.1.1 Current collectors 
In this study, three types of current collectors are used as the cathode in the laminated 
composite battery as following: 
a. Standard (benchmark) current collector. The Aluminium foil is desirable as cathode 
current collector in the commercial battery because it has a  high electrical conductivity 
properties, where the ideal standard electrical resistivity of pure aluminium  is 2.8 x10"f 
(Ohm.meter) and its electrical conductivity is 3.8x10g(S/m)  at 20C° [89]. Figure 53 (a) 
shows, aluminium foil current collector,  
 
Cathode (Composite fabric + Positive electrode material) 
Anode (Composite fabric + Negative electrode material) 
Separator (Fibre glass) 
Laminated composite battery 
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Figure 53: (a) Aluminium foil current collector, (b) carbon fibre fabric current collector, and (c) wet 
lay-up cured laminate current collector. 
 
b. A plain woven carbon fibre fabric obtained from SIGMATEX (UK) LTD Company 
as shown in Figure 53 (b), with data (650GSM/2x2TW/34-700). This fabric was 
selected for this study based on its good electrical and mechanical properties. The 
dimensions of the current collector were 90 mm long x 60 mm width, and 1.5 mm 
thickness. An extra electrical tab with dimension of 40 mm long X20 mm width X 
was connected to the current collectors to facilitate the electrical conductivity 
measurements.  
c. Wet lay-up cured laminate made by wet lay-up technique used two plies of plain 
woven carbon fibre fabric and impregnated the west system epoxy 105 with slow 
hardener 206. Composite laminates were cured at room temperature for 24 hours. 
The laminate dimension was 90 mm long x 60 mm width, and 2 mm thickness as 
shown in Figure 53 (c). The resin has been removed from both outer sides of the 
wet lay-up laminate by sand paper to make most of fibre surface exposed to the ions 
Aluminium foil current  collector Carbon fibre fabric current collector Wet lay-up laminate current collector 
(a) (b) (c) 
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and electrons movements, and an electrical wire tab was bonded by electrical 
conductive adhesive on one side of the laminate as shown in Figure 54. 
 
 
Figure 54: Electrical tab connected to the back side of the wet lay-up cured laminate. 
 
6.2.1.2 Positive electrode materials  
6.2.1.2.1 Active materials 
Two types of active materials have been investigated as the active intercalation materials that 
provide electrochemical capacity in the laminated composite battery. They are lithium iron 
phosphate (LiFePO) and lithium cobalt oxide (LiCoO).  
6.2.1.2.2 Electrical additives   
To facilitate the electron transport between the cathode particles and the current collector in 
the LCB, two types of electrical additives are examined. They are powder of carbon black 
(acetylene black) and carbon nano-fibre.  
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6.2.1.2.3 Binder  
The main purpose of the binder in the cathode is to attach the mixture of the active material 
and electrical additives powders to the current collector. 
Two types of binders were used as binders in the laminated composite battery as following: 
a- Poly (vinylidene fluoride) PVDF, which made of high molecular weight (Aldrich, 
Average Mh	ca. 534,000). 
b- Poly (ethylene oxide) PEO, (Mh ca.200, 000). 
The current collector will be coated by the positive electrode materials to create an 
electrically cathode.  Figure 55 shows (a) aluminium foil current collector coated with 
positive electrode materials, (b) carbon fibre fabric current collector coated with positive 
electrode materials, and (c) wet lay-up cured laminate current collector coated with positive 
electrode materials. 
 
 
Figure 55: (a) Aluminium foil current collector coated with positive electrode materials, 
(b) Carbon fibre fabric current collector coated with positive electrode materials, and (c) 
wet lay-up cured laminate current collector coated with positive electrode materials. 
 
(a) (b) (c) 
Positive electrode material Positive electrode material 
Positive electrode material 
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6.2.2 Anode structure 
6.2.2.1 Current collectors 
In this study, three sets of current collectors used for the laminated composite battery as 
following: 
a- Standard (benchmark) current collector. The copper foil is ideal material for anode 
current collector in the commercial battery because of its high electrical properties. 
the standard ideal electrical resistivity of the copper  is 1.7x 10"f (Ohm.meter) and 
its electrical conductivity is 5.9x10g (S/m) when measured at 20C°[90]. Figure 56 
(a) shows copper foil current collector.  
 
Figure 56: (a) Copper foil current collector, (b) Carbon fibre fabric current collector, and (c) Wet lay-
up cured laminate current collector. 
 
d. A plain woven carbon fibre fabric obtained from SEGMATEX (UK) LTD 
Company as shown in Figure 56 (b), with data (650GSM/2x2TW/34-700). This 
fabric was selected for this study based on its good electrical and mechanical 
properties. The dimensions of the current collector were 90 mm long x 60 mm 
width, and 1.5 mm thickness. An extra electrical tab with dimension of40 mm long 
Carbon fibre fabric current collector Copper foil current collector Wet lay-up current collector 
(a) (b) (c) 
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x 20 mm width was connected to the current collectors to facilitate the electrical 
conductivity measurements.  
e. Wet lay-up cured laminate used two plies of plain woven carbon fibre fabric 
impregnated with the West System epoxy 105 with slow hardener 206. Composite 
laminates were cured at room temperature for 24 hours. The laminate dimension 
was 90 mm long, 60 mm width, and 2 mm thick. Figure 56 (c) shows Wet lay-up 
cured laminate current collector. The resin has been removed from both outer sides 
of the wet lay-up laminate by sand paper to make most of fibre surface exposed to 
the ions and electrons movements. Electrical wire tab was bonded to back side of 
wet lay-up cured laminate by electrical conductive adhesive. 
6.2.2.2 Negative electrode materials  
 
• Graphite powder 
Graphite powder type TIMREX® SLG3 was used as negative electrode materials. 
 
• b -binder  
The main purpose of the binder in the anode structure is to attach the graphite powder 
to the current collector. 
Two types of binders were investigated and their obtained results were compared in 
the laminated composite battery as following: 
 
The current collector will be coated with the negative electrode materials to create an 
electrical anode. Figure 57 shows (a) Copper foil current collector coated with negative 
electrode materials, (b) Carbon fibre fabric current collector coated with negative electrode 
materials, and (c) wet lay-up cured laminate current collector coated with negative electrode 
materials. 
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Figure 57: (a) Copper foil current collector coated with positive electrode materials, (b) Carbon fibre 
fabric current collector coated with positive electrode materials, and (c) wet lay-up cured laminate 
current collector coated with positive electrode materials. 
 
6.2.3 The separator 
Two types of separators were investigated in the laminated composite battery as following:  
1- The fibre glass type PO25ASE, it is plain weave tissue and has nominal thickness of 
0.25 mm,  
2- Thin film of polypropylene separator. 
6.2.4 The electrolytes 
Three different types of electrolytes were tested in the laminated composite battery as 
following: 
•  Liquid electrolyte:-  
One Mole (1.0 M) of lithium salt type hexaphlorophosphate (LiPF6) mixed in a solution of 
ethylene carbonate (EC) and dimethyl carbonate (DMC) solution. 
 
Negative electrode material 
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Gel electrolyte 
it is a mixture of both solid and liquid electrolytes and the ingredients are as follows; binder 
of PVDF + 1 Mole (M) of lithium salt type (LiPF6) in a solution of ethylene carbonate (EC) 
and dimethyl carbonate (DMC) solution 
• Solid electrolyte    
Binder of PVDF + 1 Mole (M) of lithium salt type (LiPF6) was made as the solid electrolyte. 
Table 2 shows all the examined materials in the laminated composite battery. 
Table 3: Materials used in the liquid, gel and solid electrolyte laminated composite battery. 
Components 
Types of Material 
1 2 3 
Positive electrode 
material 
Lithium cobalt oxide 
( LiCO2) 
lithium Iron phosphate 
 (LiFePO4)   
Negative  
electrode material Graphite     
Separator Glass Fibre Polypropylene (PPE)   
Electrolyte 
Liquid state 
 Lithium salt of 
LiPF6+ EC+ DMC 
Gel state 
 PVDF + lithium salt of 
LiPF6+ EC  
Solid state 
PVDF+ lithium salt 
LiPF6   
Binder 
Polyvinylidene 
fluoride 
( PVDF) 
Polyethelene oxide 
 (PEO)   
Current collector Aluminium Copper Carbon fibre fabric 
Solvents Acetonitrile 
N-Methyle-2- 
pyrrolidon,anhydrous,99.5
% 
(PMNA) 
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Additives to 
improve  
Electrical 
conductivity 
Carbon black Carbon nano fibre 
 
 
6.3 Manufacturing Process 
•  The cathode  
The positive electrode materials made of 70 % of lithium iron phosphate (LiFePO4) +20 % 
PVDF (binder) + 10 % of carbon black + solvent of N-Methyle-2- pyrrolidine, anhydrous, 
99.5 % (NMP).  
The quantities by weight were (3.5 g) of (LiFePO4) + (1.5 g) of PVDF + (0.5g) of carbon 
black + 9 mm of solvent of NMP. However, the process of the paste mixture was done as 
following: 
a- 1.5 gram of the binder of PVDF material dissolved in 9 mm of NMP and stirred in a 
heater at 50°C for 15 minutes.  
b- Powder of (3.5 g) of (LiFePO4) and (0.5g) of carbon black were mixed together, and 
a ball milled for 5 hours.  
c- The materials in step (b) were added to the mixture in step (a) and mixed together to 
create the positive electrode materials paste. 
d- The paste of the positive electrode material was spread by a small brush on the 
surface of the current collector to create the cathode. Next, a bar with thread of 60DN 
used to distribute the paste evenly. 
e- The cathode kept 12 hours in air atmosphere to be cured and dried.  
f- The entire cathode was compressed by pressure of 15 MPa to increase the density of 
the positive electrode materials. 
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• The anode 
The negative electrode material was made of 80% graphite powder + 20 % PVDF. The 
quantities by weight were (4g) of graphite + (1g) of PVDF + (9 mm) of solvent of NMP. 
However, mixing process was done as following:- 
a- (1 gram) of the binder of PVDF  material dissolved in (9 mm) of  NMP and stirred in 
a heater at 50°C for 15 minutes,  
b- When the mixture in (a) was homogeneous the (4g) of graphite was added and mixed 
creating the negative electrode materials paste. 
c- The paste of the negative electrode materials was brushed by a small brush on the 
surface of the current collector creating the anode, and then a bar with thread of 60DN 
used to distribute the paste evenly on the surface of the current collector. 
d- The anode kept 12 hours in air atmosphere to be cured and dried.  
e- The entire anode was compacted by pressure of 15 MPa to increase the density of the 
negative electrode materials. 
• Electrolyte structure 
o Liquid electrolyte 
The mixture was prepared as following: 
1 Mole (2.3g) of lithium salt type (LiPF6) in a solution of (4ml) of ethylene carbonate (EC) 
and (4ml) of dimethyl carbonate (DMC) solution. 
o Gel electrolyte  
The mixture was prepared as following: 
1 (g) of PVDF + 0.8 (g) of lithium salt type (LiPF6) + 1.16 (g) of EC+1.16 (g) of DMC 
o Solid electrolyte 
The mixture was prepared as following: 
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1(g) of PVDF + (2) g of lithium salt type (LiPF6) + solvent of N-Methyle-2- pyrrolidine, 
anhydrous, 99.5 %,( NMP).                                                                                                                    
6.4 Constructing of the laminated composite battery 
The constructing of the laminated composite battery was achieved in a glove box at CISRO 
to prevent moisture intrusion to the electrolyte. Three different laminated composite batteries 
were constructed according to the electrolyte type as the following: 
•  Liquid electrolyte laminated composite battery:  
The separator layer of the fibre glass was wetted with the liquid electrolyte solution and 
sandwiched between the cathode and anode layers. Finally, the entire components in the 
liquid electrolyte laminated composite battery were sealed with aluminium pouch foil. Figure 
58 demonstrates the cross sectional area of the liquid electrolyte laminated composite battery 
structure. 
 
Figure 58: Cross section area of gel electrolyte laminated composite battery’s structure. 
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• Gel electrolyte laminated composite battery: 
The separator layer of fibre glass was wetted with the gel electrolyte paste and sandwiched 
between the cathode and anode layers. Thereafter, the entire external surface of the battery 
was coated with polymer layer of PVDF paste which was used to combine the battery’s 
components and prevent them from air exposure. 
• Solid electrolyte laminated composite battery: 
The surface’s area of the cathode was coated with a thin layer of the solid electrolyte paste. 
Thereafter, the entire external surface of the battery was coated with polymer layer of PVDF 
paste which was used to combine the laminated composite battery’s components and prevent 
them from air exposure. 
6.5 Electrical testing  
 
• Electrical testing for the current collectors 
Electrical measurements were taken to evaluate the electrical performance of the current 
collectors. The electrical resistance was measured by putting one probe of the multimeter to 
the electric tap, and the other probe was connected to the current collector. The surface area 
of the current collector was divided into squares of 1. 0	cm, so the electrical resistant 
measurements were achieved at each interception point of the squares. Also, the electrical 
testing for the current collectors was accomplished before and after applying tensile loading, 
to observe the effect of mechanical loading on the electrical performance of the laminated 
composite batteries. Figure 59 shows the process of electrical resistance measurement for the 
current collector. 
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Figure 59: Process of electrical resistance measurement for the current collector. 
• Electrical testing for the positive electrode materials: 
Electrical measurements were recorded to evaluate the electrical performance of the positive 
electrode materials. The positive electrode materials consist of Lithium iron phosphate, 
PVDF binder, and the carbon black which is added to improve the electrical conductivity in 
the positive electrode material. Therefore, controlling the fraction of carbon black (in 
percentage) in the positive electrode materials is crucial for the electrical performance of the 
entire battery. An investigation was carried out on the electrical conductivity performance at 
different loading percentages of 5 %, 10 %, and 15 % of the carbon black in the positive 
electrode materials. The electrical conductivity measurements of the positive electrode 
material’s specimens were recorded as shown in Figure 60. The specimens were designed 
with a square of 5 mm in size and were painted with silver conductive adhesive at both sides 
where he multimeter probs were put on each painted side. Another investigation was carried 
out to evaluate the electrical performance of 10% of carbon nano fibre in the positive 
electrode material. Finally, the electrical testing for positive electrode materials was 
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accomplished before and after applying tensile loading to observe the effect of mechanical 
loading on its electrical performance.  
 
Figure 60: Method of electrical conductivity measurement for the positive electrode material. 
 
• Electrical testing for the cathode and the anode 
Electrical resistance measurements were observed for cathodes and the anodes to characterise 
their electrical performance. The electrical resistance was measured by putting one probe of 
the multimeter to the electric tap which was connected to the current collector, and the other 
probe was connected to positive and negative electrode material sides. The surface area was 
divided into squares of 1	N, and then the electrical internal resistant measurements were 
done at each interception point of the squares as shown in Figure 61. In addition, the 
electrical testing for cathodes and anodes was performed before and after applying tensile 
loading to observe the effect of mechanical loading on the electrical performance of the 
laminated composite batteries.  
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Figure 61: Method of electrical resistance measurement for the cathode and anode. 
 
 
• Electrical testing for the laminated composite batteries 
 
Laminated composite batteries were initially screened by using a multimeter to measure their 
cathode-to-anode electrical resistance performance under dry conditions. For a properly 
performing lithium ion battery, this electrical resistance is infinite [20]. After adding the 
electrolyte and constructing the three different electrolytes laminated composite batteries, the 
cells’ voltage and electrical internal resistance were measured. Next, the cycles of charging 
and discharging were conducted to observe the electrical performance of the battery. 
Charging tests were performed by constant voltage (CV) method using the laboratory DC 
power supply to determine the baseline electrical performance, in the absence of any 
mechanical deformation. Parameters such as voltage, current, and energy storage capacity 
were measured. 
Positive / Negative electrode material 
Electrical tap 
Multimeter 
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For the electrical performance characterisation, the laminated composite battery specimens 
were charged at a constant current of 4 A. While charging, the voltage increased from 3V to 
4.2V, when charging was terminated.  
6.6 Mechanical testing  
 
Since the main objective of the laminate composite battery is to store electrical energy and 
carry mechanical loadings, it is very important to investigate the effect of mechanical 
deformation on the electrical performance of the laminated composite battery. The basic 
mechanical properties of the laminated composite battery were characterised by carrying out 
tensile test. Testing were conducted on the plain woven carbon fibre fabric current collector, 
the positive and negative electrode materials, the cathode and the anode according to the 
ASTM standard  D 3039/D 3039M-08 [91], and the dimension of specimens were (110 mm 
long x 15 mm width x 1.5 mm thick). All the test specimen’s dimensions are showed in 
Figure 62. Mechanical testing was performed after conducting the electrical testing.  
 
 
Figure 62: Schematic diagram for tensile test specimen. 
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6.7 Summary 
 
A process of manufacturing and testing laminated composite battery has been developed, 
focusing on the suitability of carbon fibres as cathode and anode for carrying mechanical 
loads and store Lithium ions. Different materials used for the laminated composite battery’s 
chemistry were examined as well. The manufacturing and constructing processes for the 
cathode, anode, separator, electrolyte and the entire laminated composite battery were 
described. Basic electrical measurement testing for evaluating the electrical performance of 
the current collectors, positive and negative electrode materials, cathode, anode were carried 
out, before and after applying mechanical loading. Cycles of charging and discharging for the 
laminated composite battery were conducted to assess its electrical performance. Tensile 
testing was achieved to investigate the effect of the mechanical deformation on the electrical 
performance of the laminated composite battery. The results of the electrical and mechanical 
measurements will be presented in the next chapter.  
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7 CHAPTER  7  RESULTS AND DISCUSSION OF THE 
LAMINATED COMPOSITE BATTERY 
7.1 Introduction 
The results obtained from the laminated composite battery will be presented and analysed in 
this chapter.  Section 7.2 presents the data of the basic electrical conductivity measurements 
from the various current collectors, positive and negative electrode materials, the cathodes 
and the anodes. In addition, the observation of the electrical performance measurements and 
results obtained from repeated charging and discharging of the laminated composite batteries 
are presented. Section 7.3 describes the results of the mechanical testing and the mechanical 
properties of the current collectors, the positive and negative electrode materials, the cathodes 
and the anodes. The results for the electrical and mechanical performance of the laminated 
composite battery will be discussed and analysed in the final portion of this chapter. The 
issue of high electrical resistance in the cathode is addressed, and the effect of adding 10 % of 
carbon nano fibre on the electrical conductivity measurements of the positive electrode 
materials is exhibited. An investigation was carried out to determine the reasons for the low 
voltage of the constructed laminated composite battery. 
7.2 Electrical properties 
7.2.1 The current collector’s electrical conductivity  
Basic electrical resistance measurements for the current collectors are shown in table 3. 
              Table 4: Basic electrical resistance measurement 
Current collector type Average electrical resistance (Ω) 
Copper foil (benchmark)  0.19 
Aluminium foil (benchmark) 0.2 
Plain woven carbon fibre fabric 
 
5 ± 2 
Wet lay-up cured laminated   39 ± 4 
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In Table 3, it can be seen that copper and aluminium foils have very low electrical resistance 
which is this reason they are used as current collectors in commercial lithium ion batteries. 
Figure 63 illustrates the electrical resistance in every 1cm of (a) copper foil; (b) aluminium 
foil, (c) carbon fibre fabric, and (d) wet lay-up cured laminate current collectors. Carbon fibre 
fabric has a low electrical resistance compare to the wet lay-up cured laminate which made 
from the same basic materials. 
 
Figure 63: Electrical resistance of (a) copper foil, (b) aluminium foil, (c) carbon fibre fabric, and (d) 
wet lay-up cured laminate current collectors. 
 
 
7.2.2 Positive and negative electrode materials electrical conductivity measurement 
 
The electrical resistance results were obtained by adding 5%, 10%, and 15% of carbon black 
to the positive electrode materials and the results were in 1034 ± 8 Ω, 60 ± 4 Ω, and 56 ± 3 
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Ω, respectively as shown in Figure 64. The electrical resistance results can be converted into 
the electrical conductivity of the positive electrode materials [92]. As described in equation 7. 
 
  (7)  
 
where the k is the electrical conductivity of the positive electrode materials 
specimenK	l(	G	 7
Ω.m
	n	o/N	), L is the measured length of the specimen (m), R is 
the electrical resistance for the specimen (Ω), and A is the cross-sectional area of the 
measured specimen ( square metres, m2). 
Figure 65 show the electrical conductivity results observed by adding 5%, 10%, and 15% of 
carbon black to the positive electrode materials. It is clear that the best carbon black 
percentage value in the positive electrode materials was 10%, consistent with the findings by 
Snyder et al. [37]. Increasing the percentage of the carbon black over 10% gives no 
noticeable electrical conductivity improvement and will adversely affect the percentage 
loading value of the Lithium iron phosphate or the binder in the mixture.  
 
 
k = 
p
q^ 
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Figure 64: Electrical resistance of adding 5%, 10%, and 15% of carbon black to the positive electrode 
materials. 
 
 
 
Figure 65: Electrical conductivity of adding 5%, 10%, and 15% of carbon black to the positive 
electrode materials. 
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Since carbon nano-fibres have been proven to have superior electrical conductivity than 
carbon black [81], adding 10% of carbon nano fibre to the paste resulted in average electrical 
conductivity of 33±2		K	o/N	) , which	is	greater than the value of 13±2	v	o/N	w achieved by 
adding the same percentage of carbon black. Adding carbon nano-fibres to the positive 
electrode materials improves the conductivity by a factor of two of which can be achieved by 
carbon black.  A comparison between the effect of 10% of carbon nano fibre and carbon 
black on the electrical conductivity performance of the positive electrode materials is 
presented in Figure 66. 
 
 
 
Figure 66: A comparison between the effect of 10% of carbon nano fibre and carbon black on the 
electrical conductivity performance of the positive electrode material. 
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7.2.3 Cathode and anode electrical conductivity measurements 
The electrical resistance measurements were recorded through all the surface area of different 
cathodes comprising 10% of carbon black.  Figure 67 presents the electrical resistance results 
for cathodes made from (a) aluminium foil current collector, (b) carbon fibre fabric current 
collectors, (c) wet lay-up cured laminate current collector. 
 
 
 
Figure 67: The electrical resistance of cathodes made from (a) Aluminium foil, (b) Carbon fibre 
fabric, and (c) Wet lay-up cured laminate current collectors. 
 
The cathodes that made from composite woven fabric current collector had an average 
electrical resistance of 45 ± 2 Ω, whereas the wet lay-up cured laminate current collector 
118 
 
showed an average electrical resistance of 106 ± 5Ω. Cathodes made from aluminium foil 
had a very high electrical resistance of 430 ± 23Ω compare to measured aluminium 
benchmark’s electrical resistance of 25 ± 1Ω. This is because the coating process of the 
positive electrode materials to the aluminium foil was conducted in the air atmosphere. 
Therefore, the created oxidation layer on the surface of the aluminium foil has resulted in a 
higher electrical resistance than pure aluminium. Figure 68 illustrates a comparison between 
three different cathodes’ electrical resistance made from three different current collectors. 
 
Figure 68: A comparison between three different cathodes’ electrical resistance made from three 
different current collectors. 
 
 Figure 69 shows the electrical resistance of different anodes made from (a) copper foil 
current collectors coated with negative electrode materials, (b) carbon fibre fabric current 
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collectors coated with negative electrode materials, (c) wet lay-up cured laminate current 
collectors coated with negative electrode materials. 
 
Figure 69: The electrical resistance of anodes made from (a) Copper foil coated, (b) Carbon fibre 
fabric, (c) Wet lay-up cured laminate current collectors. 
 
The anode that made from current collector of copper foil, composite woven fabric and wet 
lay-up cured laminate coated with negative electrode materials have resulted in average 
electrical resistance of 6 ± 2 Ω, 9 ± 2 Ω, and 106 ± 9 Ω respectively.  Based on all the 
aforementioned cases, it is observed that the cathodes electrical resistance is higher than the 
electric resistance of the anodes that made from the same current collector. Figure 70 shows a 
comparison between three different anodes’ electrical resistance made from three different 
current collectors coated with negative electrode materials. 
120 
 
 
Figure 70: A comparison between three different anodes’ electrical resistance made from three 
different current collectors. 
 
7.2.4 Laminated composite battery electrical conductivity  
 
The recorded data of the electrical resistance for the three types of the laminated composite 
batteries in dry condition were infinite. However, the results for the constructed laminated 
composite battery exhibited finite electrical resistances. The results revealed that the 
electrical resistance was 500 Ω, 2 MΩ, and 6 MΩ for of liquid, gel, and solid electrolyte 
laminated composite battery respectively. 
For the three types of the laminated composite battery, the basic electrical parameters, such 
as, voltage, charging current, discharging current and energy storage capacity were measured. 
Only liquid electrolyte laminated composite battery had yielded a reasonable voltage of two 
Volts as shown in Figure 71. As for the gel and the solid electrolyte laminated composite 
batteries, they showed a very low voltage.  
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Figure 71: liquid electrolyte laminated composite battery 
 
 
The cycles of charging and discharging were only performed for the battery with reasonable 
voltage. Therefore, only the liquid electrolyte laminated composite battery was subjected to 
these cycles as illustrated in Figure 72, i.e., (a) charging current, and (b) charging voltage for 
the liquid electrolyte laminated composite. Charging capacity was measured to be 28 mAh 
for the battery when the battery became fully charged. Self-discharging voltage of the liquid 
electrolyte composite battery was recorded and correlated with time as shown in Figure 73. 
The self-discharging voltage results showed that there was a sharp drop in the battery’s 
voltage during the first two days, and the energy cell lost all its electrical energy storage 
capacity after 20 days. 
 
 
Laminated composite battery 
Multimeter 
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Figure 72: (a) Charging current, and (b) Charging voltage for the liquid electrolyte laminated 
composite. 
 
 
Figure 73: Self-discharging voltage of the liquid electrolyte composite battery. 
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7.3 Mechanical Strengths 
Tensile tests were carried out on the current collector, positive and negative electrode 
materials, cathode and anode specimens. The current collector of the carbon fibre fabric 
specimens reached an average load capacity of 7 kN as shown in Figure 74. The positive 
electrode material specimens that comprised 10% of carbon black and 10% of carbon nano 
fibre had failed at an average of 10 N, 8 N, respectively as illustrated in Figure 75 (a, b). 
Tensile test data revealed that the average tensile failure load for the negative electrode 
material specimens was 8 N as shown in Figure 76.  
 
 
 
 
 
Figure 74: carbon fibre fabric current collector failure load 
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Figure 75: Tensile failure load for the positive electrode material specimens of (a) carbon black, (b) 
carbon nano fibre. 
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Figure 76: Tensile failure load for the negative electrode material specimens  
 
 
7.4 The effect of mechanical loading on the electrical performance of 
laminated composite battery s’s components 
 
The electrical performance measurements were carried out, before and after applying the 
tensile loads, for the carbon fibre fabric current collector, positive electrode materials 
contains 10% of carbon black, and 10% of carbon nano fibre, and the negative electrode 
materials specimens. The tensile test data revealed that electrical resistance of these 
components did not change when subjected to tensile loading.  
 
7.5 Analysis and discussion of the laminated composite battery testing 
data 
7.5.1   Electrical performance testing 
7.5.1.1 Cathode and anode electrical conductivity performance 
The high electrical resistance values in cathode and anode are not desirable for the electrical 
performance of the battery because it will resist the electron transportation through the 
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current collectors. Carbon fibre fabric has a reasonable electrical performance compared to 
wet lay-up cured laminate current collector. The high electrical resistance in the wet lay-up 
cured laminate current collector is due to the low electric conductivity of the epoxy matrix 
which covers the fibres in the same lamina and between plies of fabric, and Figure 77 shows 
the SEM images for the contacting area between the positive electrode materials and wet lay-
up cured laminate. The high electrical results in some spots in the cathode and the anode 
revealed that there are some weak bonding areas between the positive electrode materials and 
the current collector. In all the cases, the anodes have a higher electrical conductivity than the 
cathodes due to 80 % of the negative electrode material in the anode structure are made with 
conductive material (graphite), while only 10% of the positive electrode material in the 
cathode structure is made from conductive material (carbon black). The reason for the 
improved electrical conductivity of positive electrode materials after replacing 10 % of the 
carbon nano fibre by the carbon black is because carbon nano fibre has high surface area so 
for the same weight percentage of (10%) the carbon nano fibre. This will form a higher 
amount of percolating networks than carbon black for allowing more current/electrical 
transport within the cathode. 
 
Figure 77: the contacted area between the positive electrode material and cured carbon wet lay-up 
laminate 
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7.5.1.2 Laminated composite battery electrical conductivity performances 
 
The targeted voltage for the laminated composite batteries was 3.7 Volt. However, only the 
liquid electrolyte laminated composite battery had showed a reasonable voltage at two Volts. 
There are two main reasons for the low voltage in the laminated composite battery: (1) high 
electrical resistance in the cathode structure and (2) short-circuiting in the battery caused 
electrical leakage, as observed from electrical resistance of the three types of laminated 
composite battery. Investigations were carried out on the separator and electrolyte because 
they work as electrical barrier between the cathode and anode in the battery. The data sheets 
of the used separator and electrolyte have shown that these materials are effective to prevent 
self-discharge. Furthermore, it has shown that different types of separators and electrolytes 
implemented in the battery had resulted the same electrical resistance. In similar study, it was 
found that the thickness of the separator causes loss in the battery performance due high 
ohmic drops. The potential drop of a liquid electrolyte soaked separator was estimated by 
assuming a McMullin number of 10 for the separator (i.e. the separator reduces the effective 
conductivity of electrolyte by factor of ten) [69], therefore, investigation as in [38] [93] 
would be recommended to determine the cause for the low voltage of the laminated 
composite battery . 
The laminated composite battery that comprises carbon fibre fabric in the cathode and anode 
has demonstrated the basic electrochemical charging and discharging cycles. In addition to 
the importance of the electrical conductivity measurements and characterisation of the 
electrical performance of lithium ion batteries, further tests to characterise the ionic 
conductivity and electrical performance of the laminated composite battery may be necessary 
in future research. 
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7.5.2  The effect of mechanical deformation on the electrical performance of the 
laminated composite battery 
 
Tensile testing results revealed that coating the carbon fibre fabric with positive and negative 
electrode materials will not affect the mechanical properties of the carbon fibre fabric. The 
reason is that the positive and the negative electrode materials are granular with no significant 
mechanical properties. As a result, only the cathode’s and anode’s current collectors 
contribute to the mechanical properties of the laminated composite battery. The low failure 
load of the positive and negative electrode materials indicates that their mechanical properties 
contribute only by the PVDF polymer binder that has low mechanical properties.  
In regard to pre-applied and post-applied tensile loadings, the recordings of the electrical 
conductivity measurements are the same for the cathode, anode, positive electrode materials, 
negative electrode materials, and current collectors. This indicates that the mechanical 
deformation does not affect the electrical performance of the current collectors, positive and 
negative electrode materials, cathodes and anodes. These results differ from those reported by 
Jacques [45, 46] that the strength of the carbon fibre electrodes loses 25% of its strength 
when fully charged compared to uncharged.  
 
7.6 Summary 
An investigation of the electrical conductivity of the current collectors, positive electrode 
materials, negative electrode materials, cathodes, anodes and the laminated composite battery 
were carried out. Carbon fibre fabric has shown provide a good electrical conductivity which 
is required for the current collectors in the lithium ion battery mechanism. Fabricated 
cathodes displayed lower electrical conductivity than the anodes because they have less 
conductive materials in their structure. The best electrical conductivity results obtained from 
adding carbon black in the positive electrode materials is 10 %, and adding carbon nano 
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fibres to the positive electrode materials improves the electrical conductivity by a factor of 
two  that what can be achieved by carbon black. 
The outcome voltage of the fabricated liquid electrolyte laminated composite battery is two 
Volts and its charging capacity is 28 mAh. Gel and solid electrolyte laminated composite 
batteries have demonstrated very low voltage. Applied tensile loads to the positive and 
negative electrode materials specimens have shown that their average failure tensile load is 
similar at 9 N.  Electrical conductivity of current collectors, cathode, anode, positive and 
negative electrode material specimens revealed that there was no change after applying 
tensile loading. In the next chapter, the results and observations of the electrical and 
mechanical performances of the laminated composite battery’s components will be analysed 
and their characterisation will be discussed.  
 
When analysing the obtained data from the electrical and the mechanical testing of the 
laminated composite battery, it has been noted that the anodes have shown a higher electrical 
conductivity than the cathodes due to higher percentage of conductive materials in their 
structure than in the cathode. The high electrical resistance in the cathode structure and 
possibility of short circuiting are considered to be the main reasons for the low voltage in the 
laminated composite battery. Data of the mechanical testing for the laminated composite 
battery’s components demonstrated that coating the carbon fibre fabric with positive and 
negative electrode materials paste does not affect the mechanical properties of the carbon 
fibre fabric. Furthermore, the electrical conductivity measurements of the cathode, anode, and 
positive and negative electrode materials did not change from the baseline measurements 
after applying the mechanical loading. In the next chapter, a conclusion for the current 
research and recommendations for future work will be presented. 
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8 CHAPTER 8 MAJOR CONCLUSIONS AND FUTURE 
RECOMMENDATIONS 
8.1 Conclusions 
In this research project an original and extensive investigation has been carried out on 
embedded battery composites (EBC) and laminated composite batteries (LCB). The EBCs 
involved integrating liquid and solid electrolyte battery cells with carbon fibre reinforced 
polymeric (CFRP) composites. The main focus of this study was to characterise the electrical 
performance of EBCs under three modes of mechanical loading, including bending, tension 
and compression. Electrical parameters such as current, voltage, energy storage capacity and 
internal resistance were measured to evaluate the electrical performance of EBCs. The main 
performance indicator for the present study was the electrical charge/discharge capacity of 
the EBC at different mechanical load levels. The experimental work on the electrical charge/ 
discharge capacity of the EBC were carried out as following, (1) before and after embedding 
the battery in the composite laminates, (2) under different cycles of mechanical loadings, (3) 
between the different cycles of mechanical loadings. During mechanical tests (flexural, 
tensile and compression) loads were applied at an incremental of 20 % of the strength of the 
baseline composite. The results of embedding the two types of the electrolyte polymer 
batteries in the composite sandwich structure show that the embedding process did not affect 
the electrical performance of the battery. Mechanical results showed that embedding the 
electrolyte polymer batteries in the composite sandwich structure did not significantly change 
the mechanical properties under flexural and tensile loadings. However, the embedded liquid 
electrolyte battery composite failed earlier than the reference specimen (without battery cells) 
under compressive loading. Although all the three different types of mechanical loading had 
caused some reductions in electrical storage capacities, the bending loading was found to be 
greatest reduction in electrical storage capacity for a giving percentage of the failure load. 
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In the case of the embedded liquid electrolyte battery composite, when it was loaded 
to 80% of the failure load, the reduction in the energy storage capacity was less than 15% 
under bending, 10% under tension, and 3% under compression. Upon the removal of 
mechanical loading (80% the failure load), the permanent reduction in the electrical energy 
storage capacities from the baseline measurements was found less than 12% under bending, 
8% under tension, and 1.5% under compression. By loading the embedded composite 
batteries to 80% the failure load, the bending deformation reduced the charging and 
discharging time of the battery by 6 min from the baseline performance. Furthermore, the 
internal resistance had increased by 138% from the baseline measurement. 
Both the degradation in storage energy capacity of liquid electrolyte embedded 
battery and the increment in its internal resistance have been found to correlate well with the 
mechanical strain experienced by the energy cells. 
Since the embedded liquid electrolyte battery composite was able to maintain 85% of 
its maximum electrical energy storage capacity during mechanical loads and the time for 
charging and discharging did not change considerably after subjecting to different mechanical 
loads, they are considered as being close to fully efficient. The results from flexural, tensile, 
and compressive tests are either on or below the no-synergy line, especially under 
compressive loading.  
SEM images of deformed separator showed closure of the pores in separator layer, 
which led to a reduction in the transport of ions from the cathode to the anode. Therefore, 
part of the energy storage capacity of the embedded liquid electrolyte battery composite was 
degraded. 
For embedded solid electrolyte battery composite, the mechanical test results for 
bonding of thin film solid state electrolyte energy cells to the surface of the composite face 
sheet showed that its mechanical properties did not alter under flexural, tension and 
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compression loadings. The electrical performance results for embedded solid electrolyte 
battery composite under mechanical loading revealed that the flexural loading (tension side) 
caused the greatest energy storage capacity degradation of the electrical performance of the 
energy cells, followed by flexural loading (compression side), then tensile loading and finally 
compressive loading. The recorded data of the energy storage capacity of embedded solid 
electrolyte battery under 80% of the benchmark failure load demonstrated that the reduction 
from the baseline measurements was less than 24% under flexural loading (tension side), 
13% under tensile loading, and 10% under compressive loading. When the mechanical 
loading was removed, the permanent reduction from the baseline measurements was less than 
18% under flexural loading (tension side), 11% under tensile loading, and 7% under 
compressive loading. These results suggest that the energy cells were close to fully functional 
after experiencing tensile and compressive. However, the energy cells’ electrical performance 
exhibited severe degradation at 80% of flexural loading (tension case). The multi-
functionality correlation between the specific capacity of the energy cell and specific strength 
of the composite structure results have shown that all the obtained results from flexural, 
tensile, and compressive tests are close and below the no synergy line. Hence, they are within 
the targeted design area.  
The results from the investigation of applying different mechanical loadings on the embedded 
solid electrolyte battery composite reveal that the mechanical strain correlates strongly with 
the degradation in the storage energy capacity, and is responsible for an increase in the 
internal resistance. SEM images showed cracks formed in the electrolyte region after 
mechanical deformation. Therefore, this led to an increase in the internal resistance of the 
energy cell and decrease in its energy storage capacity.  
The objective of the laminated composite battery research was to investigate feasibility of 
using the carbon fibre fabric to carry mechanical loads and store electrical energy. The results 
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demonstrated successfully that the carbon fibre fabric has good electrical conductivity 
characteristics and strong mechanical properties which are required for carrying mechanical 
loads and storing lithium ions. 
In the laminated composite battery (LCB), different materials, specimen designs and 
manufacturing processes were investigated. Three different types of laminated composite 
batteries were fabricated according to the electrolyte type. Electrical resistance measurements 
were taken to evaluate the electrical performance of the current collectors, positive and 
negative electrode materials, cathode and anode. The aforementioned electrical 
measurements were recorded before and after applying mechanical loadings.  Cycles of 
charging and discharging were conducted for the constructed laminated composite battery 
and to assess its electrical performance. Tensile testing and specimens design were carried 
out according to ASTM standard to investigate the effect of the mechanical deformation on 
the electrical performance of LCB. 
The addition of 10% carbon black produced the best electrical conductivity value in the 
positive electrode materials. Adding 10% carbon nano-fibre as electrical conductive additive 
to the positive electrode materials improved the electric conductivity by factor of two than 
what was achieved by carbon black powder. 
Liquid electrolyte laminated composite battery has resulted a voltage with value of two volts, 
with charging storage capacity of 28 mAh. However, Gel electrolyte and solid electrolyte 
laminated composite batteries demonstrated very low voltage. 
Tensile test data illustrated that applying the positive and negative material coating on the 
current collectors has no effect on their mechanical properties. Also, specimens of positive 
and negative electrode materials failed similarly at about 9 N under tensile loading. 
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The electrical conductivity measurements of the current collectors, positive and negative 
electrode materials, cathode and anodes did not alter from their baseline performance when 
they were subjected to mechanical deformation. Examination of the electrical properties of 
individual constitute of the laminated composite battery’s components indicated that the low 
electrical conductivity of the cathode structure and possibly the short circuiting between the 
cathode and anode were the main reasons for its low electrical performance. 
8.2 Recommendations for future work 
The work presented in this PhD thesis contributes to the science and technology of the 
multifunctional structural battery composites. Further research is recommended to achieve 
greater understanding of the phenomena and effects of mechanical deformations on the 
electrical performance of (EBC) and (LCB). Some potential research areas for future work 
are recommended in the following.  
1- Embedded battery composite 
In this study, the investigated solid state battery was bonded to the top surface of the 
composite face sheet. The results from the mechanical deformation on this fixture showed 
that their electrical performance is reduced as the applied mechanical strains are increased. 
Further study is recommended for characterising and validating the effect of applying the 
mechanical deformations on the electrical performance of the energy cell, where the solid 
state energy cell should be embedded within the composite structure. A comparative study 
between their electrical and mechanical performance results would be very useful.  
2-Laminated composite battery 
Further investigations are recommended to determine the ionic conductivity performance of 
the battery. In addition, another investigation on the short circuiting issue in the battery 
should be conducted by using different separators with different thicknesses in the liquid, gel 
and solid electrolyte laminated composite battery. 
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